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00 (54) Title: CARDIAC RHYTHM MANAGEMENT SYSTEM WITH OFllMlZAllON OF CARDIAC PERFORMANCE USING 
\0 HEART RATE 

^ (57) Abstract: A cardiac rhythm management device includes a dual chamber pacemaker, especially designed for treating con- 
gestive heart failure by pacing a plurality of sites. The device incorporates a program microcontroller which is operative to adjust 
the pacing mode and inter-site delay of the pacemaker so as to achieve optimum hemodynamic performance. Atrial cycle lengths 
^ measured during transient (immediate) time intervals following a change in the mode inter-site delay are signal processed and a de- 
termination can then be made as to which particular configuration yields the optimum performance. Performance is optimized when 
the patient is at rest and when the patient exercises so that a rate-adapted dynamic value of the optimum performance can be applied. 
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CARDIAC RHYTHM MANAGEMENT SYSTEM WITH 
OPTIMIZATION OF CARDIAC PERFORMANCE USING HEART RATE 
Background of the Invention 
I. Cross Reference to Related Application 

5 This application is a continuation-in-part of 

application Serial No. 09/545,536, filed April 1, 2000. 
That application is deemed incorporated by reference in its 
entirety. 

II. Field of the Invention 

10 This invention relates generally to implantable 

cardiac rhythm management devices, and more particularly 
to a method for establishing an optimum pacing mode and 
delay parameters for multiple pacing sites in a dual 
chamber implantable programmable pacemaker. 

15 III. Related Art 

An earlier patent to Bauraann, a co-inventor herein, 
Patent 4,800,471, assigned to the assignee of the present 
invention, the teachings of which are hereby incorporated 
by reference, explains that cardiac pacing can be used to 

20 improve hemodynamics in congestive heart failure (CHF) 
patients • One recognized and accepted indication of 
hemodynamic performance is reflected in the patient's 
pulse pressure (PP) which is defined as the difference 
between systolic aortic pressure and diastolic aortic 

25 pressure. PP could be used to optimize the pacing 

parameters in applying CHF therapy, however, this would 
require the use of a suitably positioned pressure sensor. 

The Baumann M71 patent recognizes that an indirect 
indication of PP can be derived from the patient's atrial 

30 cycle length (ACL) , which is the duration of the interval 
between consecutive P-waves in an ECG signal. The 
earlier Baumann patent discloses a method for using ACL 
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to optimize CHF therapy parameters that involves looking 
at a transient sequence in which, after a period of 
intrinsic cardiac activity, a short predetermined 
sequence of pacing stimuli is delivered to the patient *s 
5 heart. Any subsequent transient increase in measured ACL 
provides an indication of the therapy's effectiveness 
over intrinsic cardiac activity. Likewise, a subsequent 
transient decrease in measured ACL is indicative that the 
pacing therapy is non-beneficial* 

10 In applying the methodology to an implantable, 

microprocessor-based controller of the type typically 
used in a programmable dual-chamber pacemaker, the device 
is made to cycle through transient paced beats with 
different pacing mode and AV delay configurations. Each 

15 such configuration is defined to be a group of 

consecutive beats with the same paced AV delay and the 
same pacing mode (right ventricular, left ventricular or 
bi-ventricular pacing) . Each of the configurations is 
immediately preceded by a group of baseline beats. In 

20 the disclosed arrangement, three different pacing modes 
and five different AV delays are used, with each such 
delay being shorter than a previously measured value of 
the intrinsic AV delay. The particular mode/AV delay 
combination that results in the largest increase in ACL 

25 is then programmed into the pacemaker to thereby optimize 
hemodynamic performance of the patient's heart. To avoid 
inaccuracies due to noise, the algorithm described in the 
Baumann '471 patent is made to vary the order of therapy; 
randomization and averaging techniques are then used to 

30 extract data from repeated tests. 

While the above approach has proved to be a useful 
tool, it does not take into account variations in time 
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between pulse events with respect to pacing at multiple 
sites. It is common to stimulate both ventricle 
chambers, for example, and particularly the left 
ventricle can be provided with a plurality of 
5 sequentially paced sites. Each of these is operated 

using a timed delay sequence which may be selected from a 
menu of sequence timings which itself may change as data 
regarding patient history accumulates, thus, if all 
paced sites could be integrated into an optimal pacing 

10 rhythm, additional benefit could be accorded the patient. 

SUMMARY OF THE INVENTION 
The foregoing features and advantages of the 
invention are achieved by providing an improved method 
for optimizing the inter-site delay and pacing mode 

15 configuration of an implanted, programmable pacemaker 

when treating CHF patients. The pacemaker involved is of 
the dual chamber type that includes an atrial sense 
circuit, a ventricular sense circuit and a pulse 
generator for applying cardiac stimulating pulses 

20 selectively to the right ventricular chamber, the left 
ventricular chamber or both chambers sequentially (bi- 
ventricular pacing) . A plurality of pacing sites may be 
located in a single chamber, usually the left ventricle, 
and these are also paced using a time variable delay 

25 sequence. 

The patient's intrinsic atrial depolarization events 
are tracked and from such events the ACL is measured over 
a first predetermined number of heartbeats, Ni, to 
establish a baseline value. At least one of the inter- 
30 site delay interval and the pacing mode configuration is 
changed for a predetermined number of stimulated 
heartbeats, N2 and, again, the ACLs between successive 
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paced beats is measured. These steps are repeated in 
iterative cycles until all of the preprogrammed inter- 
site delay intervals and ventricular chamber options have 
been utilized. 

5 Subsequently, a comparison is made to determine 

which configuration of pacing mode and inter-site delay 
values resulted in the maximum increase ACL and those 
values are then programmed into the pacemaker. In that 
maximum increase of ACL correlates with maximum increase 
10 of PP, hemodynamic performances are thereby optimized. 
Additional performance parameters may also be used to 
correlate to PP or other relevant indicators of cardiac 
performance, these performance parameters include: 
ventricular volumes, blood flow velocity, total acoustic 
15 noise, and direct measurement of pressure. 

As used herein, the terms "site-to~site delay" and 
"inter-site delay" mean the time interval between any 
sequential pacing events in the same cardiac cycle 
regardless of whether they occur in different or the same 
20 chamber. Thus, AV, V-V, V1-V2 (same chamber), A-A etc. 

may be represented depending on the pacing configuration. 

The optimization determination is first made with 
the patient at rest to determine the most advantageous 
pacing mode. Thereafter, a one or more additional or 
25 periodic determinations can be implemented with the 
patient exercising or otherwise in an active state 
employing the technique to determine the optimum site-to- 
site delays and enable dynamic site-to-site delays to be 
implemented based on activity level. This empowers the 
30 system to implement dynamic site-to-site delays on its 
own based on an internal monitoring system, 

BRIEF DESCRIPTION OF THE DRAWINGS 
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The foregoing features, objects and advantages of 
the present invention will become apparent to those 
skilled in the art from the following detailed 
description of a preferred embodiment, especially when 
5 considered in conjunction with the accompanying drawings 
in which: 

Figure 1 is a schematic block diagram of a dual 
chamber pacemaker incorporating a microprocessor-based 
controller for pacing at a plurality of sites in which 
10 the inter-site delay parameters are optimized in 

accordance with the protocols and algorithms disclosed 
herein; 

Figure 2 is a schematic block diagram of the 
microprocessor-based controller incorporated into the 
15 pacemaker of Figure 1; 

Figures 3A, 3B1-3B2, 3C1-3C2, 3D1-3D2 and 3E, when 
arranged as shown in Figure 3, illustrate a flow diagram 
for one optimization protocol including algorithms of the 
present invention; 
20 Figure 4 is a representation of a series of baseline 

and paced beats useful in explaining the development of 
ACL features in accordance with a first algorithm; 

Figure 5 is a drawing similar to Figure 4 for a 
second algorithm; 
25 Figure 6 is a plot of one dynamic delay v. cycle 

length relationship; 

Figure 7 illustrates the relationship of associated 
Figures 7A, 7B1-7B2, 7C1-7C2 and 7D1-7D2 which, in turn, 
illustrate flow charts of an alternative optimization 
30 protocol and associated algorithms; 

Figure 8 illustrates schematically in block form the 
alternative protocol of Figures 7A-7D; and 
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Figure 9 is a representation of a series of baseline 
and paced beats useful in explaining the development of 
ACL features in accordance with the optimization 
algorithm of the alternate embodiment. 
5 DESCRIPTION OF THE PREFERRED EMBODIMENT 

The present invention provides a method for 
establishing an optimum pacing mode and delay parameters 
for multiple pacing sites in a dual chamber implantable 
programmable pacemaker. The invention is described below 

10 in the context of utilizing atrial cycle length as the 
measured parameter for assessing the efficacy of the 
pacing mode and delay parameters. One skilled in the art 
will recognize that a variety of alternative performance 
parameters may be used to determine the efficacy of the 

15 pacing mode and pacing parameter. These performance 
parameters include ventricular volumes, blood flow 
velocity, total acoustic noise, and direct measurement of 
pressure . 

These performance parameters may be assessed with a 
20 number of specific methods. That is, there are a many 
ways of assessing cardiac function including systolic 
function and/or diastolic function of a heart, that may 
be incorporated into an implantable microcontroller based 
cardiac pacemaker. Thus, for example, the cardiac 
25 function sensing circuit may measure intracardiac 

impedance variations due to the influx and outflow of 
blood from one of the ventricular chambers. This method 
is discussed in U.S. Pat. Nos. 4,686,987 and 4,674,518 to 
Salo, which are hereby incorporated by reference. Using 
30 this method it is possible to assess ventricular volume, 
stroke volume, cardiac output and derivatives of these 
parameters. 
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The cardiac function sense circuit may also comprise 
an accelerometer for measuring heart sounds or total 
acoustic noise (TAN) • The TAN corresponding to optimal 
mechanical timing of the heart may be measured using an 
5 implantable accelerometer as disclosed in U.S. Pat. No. 
6,044,298 to Salo et al, hereby incorporated by 
reference. It is also contemplated that a micromachined 
piezoelectric pressure transducer may be mounted on the 
right or left ventricular pacing lead where it may 

10 measure right or left ventricular pressure parameters 
such as end-diastolic or end systolic pressure or 
derivatives of these pressures corresponding to 
ventricular contractility.- 

The cardiac function sense circuit may also comprise 

15 a Doppler flow meter having a flow sensor operatively 

positioned relative to the aorta or pulmonary artery for 
measuring peak aortic or pulmonic flow velocity from 
which measures that ^re directly correlated to stroke 
volume and cardiac output may be derived. Similar 

20 measurements may be made of mitral or tricuspid flow 
velocity. 

In one aspect, the present invention uses a stroke 
volume feature to predict the optimum pacing site which 
can be right ventricular (RVS) , left ventricular (LV) or 

25 bi-ventricular (BiV) , the optimum AV delay (Avdly) , or a 
combination of both for an individual patient. As 
indicated, it consists of pacing protocols that execute a 
series of trials, each of which alternates between a 
baseline period (intrinsic condition) and a short pacing 

30 period at a given pacing site (PS)/AV delay combination. 
The transient change observed in the atrial cycle length 
(ACL) or ventricular cycle length (VCL) of the patient is 
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collected for each trial, the data analyzed and the 
optimum PS and AV delay are selected based on the 
combination that produced the maximum increase in ACL or 
VCL over baseline. 
5 Generally and exemplary of the invention, while not 

limiting, the optimization of AV delay may be selected 
and the system will thereafter perform according to one 
of several modes as will be described. 

The following definition of terms apply to the ACL 
10 protocol and optimization analysis algorithms: 

configuration - unique combination of pacing site 
(RV, LV or BiV) and AVdly (msj. 

washout period - A predetermined number, usually 10 
consecutive cardiac cycles, where intrinsic AV conduction 
15 delay is detected and ACL measurements are collected 

normal baseline - A predetermined number, usually 5 
consecutive cardiac cycles, where intrinsic AV conduction 
delay is detected and ACL measurements are collected 

pacing period - A predetermined number, usually 5. 
20 consecutive VDD paced cardiac cycles at a predetermined 
PS/AVdly combination, where ACL measurements are 
collected 

changed baseline - A predetermined number, usually 
10 consecutive cardiac cycles after a pacing period, 
25 where intrinsic AV conduction delay is detected and ACL 
measurements are collected 

instance or trial - one sequence of normal baseline 
+ pacing period + changed baseline at a particular 
PS/AVdly. 

30 Referring now to Figure 1 representing a preferred 

embodiment, there is shown enclosed by a dashed-line box 
10, a cardiac rhythm management device, here depicted as 
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a VDD bradycardia pacemaker 12, which is adapted to be 
operatively coupled to a patient's heart by means of a 
conventional pacing lead 14. In particular, an atrial 
sensing electrode disposed in the right atrium of the 
5 heart is coupled by a wire 16 in the lead 14 to an atrial 
sense amplifier 18. Similarly, a ventricular sensing 
electrode disposed in the right ventricle is connected by 
a wire 20 in the lead 14 to a ventricular sense amplifier 
22 contained within the pacemaker 12. Thus, when the SA 

10 node in the right atrium depolarizes, the resulting 

signal is picked up by the atrial sense amplifier 18 and 
applied to a microprocessor-based controller 24 which 
will be more particularly described with the aid of 
Figure 2. Ventricular depolarization signals (R-waves) 

15 are likewise amplified by the ventricular sense amplifier 
22 and applied as an input to the microprocessor-based 
controller 24. 

The microprocessor-based controller 2 4 is connected 
in controlling relationship to a pulse generator 26 to 

20 cause a ventricular stimulating pulse to be applied, via 
conductor 28 in lead 14, to tissue located proximate the 
apex of the right ventricle (RV) to initiate ventricular 
depolarization that spreads as a wave across both the 
right and left ventricles. The pulse generator 26, under 

25 control of the microprocessor-based controller 24, can 
also be made to apply stimulating pulses over a wire 30 
in lead 14 to stimulate the heart's left ventricle (LV) . 
If the pacing mode calls for biventricular pacing, the 
pulse generator 26 is controlled by the microprocessor- 

30 based controller 24 to deliver stimulating pulses to 
sites in both the right and left ventricles (BV) . In 
accordance with contemporary techniques, the left 



wo 01/76686 



PCTAJSOl/10680 



-10- 

ventricle additionally may be sequentially paced at a 
plurality of locations (sites) . 

The inicroprocessor-based controller 30 controls the 
timing of stimulating pulses at cardiac sites relative to 
5 a selected preceding depolarization signal and to each 
other to thereby define site-to-site pulsing intervals. 
The system is capable of pacing in several modes and at 
variable site-to-site time delays in each mode. 

An external programmer 32 is arranged to send data 

10 signals transcutaneously to the implanted pacemaker 12 
and also to receive signals originating within the 
pacemaker. In this fashion, a physician is capable of 
programming such parameters as pacing rate, pacing pulse 
width, pacing pulse amplitude, sensitivity, AV delay 

15 interval, etc., in a fashion known in the art. The 

external programmer may also be used to receive signals 
and pass them on to an external monitor (not shown) 
incorporating a microprocessor and associated memory. 

Figure 2 shows a more detailed block diagram of the 

20 microprocessor-based controller 24 shown in Figure 1. It 
is conventional in its architecture and includes a 
microprocessor chip 34 and associated RAM and ROM memory 
modules 36 and 38 connected to it by an address bus 40 
and a data bus 42. As is known in the art, the R7^ 

25 memory 36 is a read/write memory comprising a plurality 
of addressable storage locations where multi-byte data 
words and operands used in the execution of one or more 
programs may be stored for subsequent readout. The ROM 
memory 38 will typically be used to store the control 

30 programs executable by the microprocessor chip 34. 

Also connected to the address bus and data bus is an 
I/O interface module 44. If a separate analog-to-digital 
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converter, as at 4 6, is utilized rather than an on-board 
A/D converter forming a part of the microprocessor chip 
34, its output will be connected through the I/O module 
44 allowing the analog outputs from the atrial sense 
5 amplifier 18 and the ventricular sense amplifier 22 to be 
digitized before being routed to the microprocessor chip 
34. If the particular microprocessor employed 
incorporates an on-board A/D converter (as is somewhat 
conventional) , then the outputs from the A-sense 
10 amplifier 18 and V-sense amplifier 22 are applied 

directly to appropriate inputs of the microprocessor chip 
34. 

Also coupled to the I/O module 44 is a transceiver 
48 that is used to interface the external programmer 32 

15 to the implanted pacer 12. The manner in which an 

external programmer appropriately placed on the chest 
wall in proximity to the implanted device is capable of 
transmitting digitally encoded data therebetween is well 
known to those skilled in the pacemaker art. 

20 Figures 3A, 3B1-3B2, 3C1-3C2, 3D1-3D2 and 3E when 

arranged as shown in Figure 3 comprise a flow chart of 
the algorithms executed by the microprocessor 34 in 
arriving at an optimal pacing mode and inter-site delay 
combination for a patient in which the system of the 

25 present invention is implanted. 

Before explaining the steps of the algorithm in 
detail, a brief overview of the methodology is deemed 
helpful . 

The algorithms can be executed by the 
30 microprocessor-based controller in the pacer or in an 

external microprocessor in the monitor/programmer 32. In 
the following description, it is assumed that the control 
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algorithms are executed by the microprocessor 34 in the 
implanted device. The algorithms, using cardiac atrial 
cycle lengths measured in the VDD pacemaker, determines a 
patient's optimum pacing mode and inter-site delay 
5 configuration^ which is the mode (e.g., RV, LV, BV, RV 
and LVi, LV2r etc.) and inter-site delay during VDD pacing 
which maximizes cardiac function (e.g., PP) for the 
patient. The pulse generator 26 is then set to operate 
at this optimum pacing mode and inter-site delay. 

10 The optimal pacing mode and associated optimum 

inter-site delays are determined from the maximum (or 
minimum) value of one of several empirically derived 
features which are calculated from the atrial cycle 
lengths. In particular, the atrial cycle lengths 

15 immediately following a transition from an intrinsic or 
paced baseline (BL) to a paced mode, inter-site delay, 
i.e., during a transient period of the paced mode and 
inter-site delay, is used. Thus, this invention 
eliminates the need for a period of waiting for 

20 hemodynamic stability to be reached during the paced mode 
and particular inter-site delay. 

The pulse generator will be made to cycle through a 
predetermined nuinber of intrinsic or paced BL beats 
followed immediately by paced beats using a first mode 

25 and inter-site delay configuration, followed immediately 
by additional intrinsic or paced BL beats, followed 
immediately by beats of a second mode and inter-site 
delay configuration, etc., until all of the possible 
programmed configurations have been utilized. The ACL 

30 between successive beats is computed and stored as an 
array in the RAM memory of the microprocessor-based 
controller. 
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Once the array of ACL values are stored, they are 
subsequently processed to arrive at values of ACL 
features. In particular, the array of values may be 
smoothed using a 3-point moving rectangle window or an 
5 ll-point moving Blackman window. Then for each 

configuration and repeated instances thereof, further 
computations are made to identify the particular 
configuration exhibiting the largest average of the 
smoothed ACL features. It is this configuration that is 

10 determined to be the optimum and the pacemaker is then 
set to operate in this optimum configuration. The 
automatic selection of optimal mode delay which is found 
to optimize cardiac function eliminates any need for 
manual programming of the implanted pacemaker by the 

15 physician. 

The algorithms of the present invention are based 
upon a hypothesis that if a transient change in atrial 
cycle length is large positive, then the transient change 
in aortic pulse pressure is also large positive. Thus, 

20 the largest positive change in atrial cycle length 
predicts the largest positive change in aortic pulse 
pressure. 

There is a physiological basis for this 
relationship. A large, sudden increase in the aortic 

25 pressure (in this case due to the sudden change from 

baseline cardiac function to paced mode inter-site delay 
cardiac function) is sensed by arterial barroreceptors, 
and the reflex mechanism of the Autonomic Nervous System 
(ANS) tries to drive the aortic pressure back to its 

30 previous stable (in this case, baseline) value by 

increasing the atrial cycle length. The ANS acts as a 
negative feedback control system for the aortic pressure. 
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The paced mode and inter-site delay associated with 
the largest mean increase in ACL is hypothesized to be 
the optimum paced mode and inter-site delay for the 
pacemaker. The optimum is the one that provides a 
5 maximum increase in aortic pressure over baseline aortic 
pressure for the then-current state of activity of the 
patient. As will also be seen^ this may change with 
increased levels of activity in the patient. 

With the foregoing summary in mind, then, attention 

10 is directed to the flow charts of Figures 3A through 3D2. 
The first step in the algorithm is to derive a baseline. 
The pulse generator is initially inhibited while 
intrinsic cardiac activity is sensed such that a value of 
the patient's intrinsic AV delay and ACL can be measured. 

15 Next, the physician may generate a list of all possible 
combinations of three pacing modes and a predetermined 
number of inter-site delay values where each of the delay 
values is set as desired. While a different number of 
paced inter-site delay values can be selected, 

20 arbitrarily and for purposes of explanation of the 
inventive algorithm, it will be assumed that five 
different inter-site values are established by the 
physician. These may include a plurality of pacing sites 
in the same chamber and/or sites in several chambers. 

25 Generally, plural sites will be limited to the left 

ventricle, however. This leads to 3 x 5 « 15 possible 
configurations as indicated in block 52. 

To avoid any influence that the particular order in 
which the configurations are employed in pacing the 

30 patient, the list generated in step 52 is randomized as 
reflected in block 54 in Figure 3A. 
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Again, without limitation, a string of beats with 
the pulse generator inhibited may be used to establish BL 
and then for each of these baseline beats, the atrial 
cycle length between them is determined. As earlier 
5 mentioned/ rather than using intrinsic inter-site delays 
to establish BL, the BL can also be at a particular 
configuration of pacing mode and inter-site delays. In 
the description to follow, a group of at least 15 
sequential beats are generated. The ACL measurement may 

10 be performed in the microprocessor by initiating a timer 
upon the occurrence of a P-wave in the cardiac 
electrogram and stopping the timer upon detection of the 
next succeeding P-wave. The ACL value associated with 
each BL beat is then stored as an array in the EU\M memory 

15 36. 

Referring again to the block diagram of Figure 3A, 
immediately following the last of the beats used in 
establishing BL, the heart is paced using a selected 
configuration drawn from the randomized list developed at 
20 block 54. Again, without limitation, the second number 
of beats may equal five. As with the BL beats, the ACL 
for the paced beats is also determined as reflected in 
block 58. 

A test is next made at block 60 to determine whether 
25 all of the 15 possible configurations on the randomized 
list have been used and the ACL values associated 
therewith stored in the memory. 

If not all of the configuration possibilities have 
been exhausted, control returns over path 61 to block 56 
30 and the operations reflected in blocks 56 and 58 are 
repeated until all of the possibilities have been 
exhausted. So that any anomalies which may have occurred 
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in the measurement of the respective ACL values can be 
averaged out, steps 54, 56, 58 and 60 are repeated a 
predetermined number of times, e.g., five times, to 
obtain additional instances of the configurations that 

5 can later be averaged. See decision block 62. 

' The change in PP caused by the five paced beats in 

step 58 is immediate. There is no time delay. However, 
the change in ACL caused by the reflex mechanism of the 
Autonomic Nervous System in response to this change in PP 

10 is not immediate. There is a time delay of several 

beats. Thus, the delayed change in ACL can occur during 
the 15 BL beats in step 56 which follow the five paced 
beats in step 58. Thus, the final 15 or more BL beats in 
step 64 are needed to follow the final five paced beats 

15 in step 58. 

Once the raw ACL values have been computed and 
stored as an array in the RAM memory, further algorithms 
may be used to process the raw data in arriving at the 
particular pacing mode-AV delay configuration yielding 

20 optimum hemodynamic performance. 

Algorithm 2 shown on Figures 3C1-3C2 is executed to 
first select candidates for being the optimum 
configuration of pacing mode and inter-site delays. Here 
at block 77, the raw ACL data (or VCL data) are first 

25 smoothed using a known signal processing approach 

referred to as an 11 point moving Blackman window which 
yields a smoothed ACL array, (sACL) . At block 78, a 
determination is made as to whether any abnormal beats, 
e.g.,. PVCs, occurred during an interval from eight beats 

30 before the first transient pace beat to 8 beats after the 
last transient paced beat. If abnormal beats are 
detected, the collected data is defined to be an "invalid 
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instance". If no such abnormal beats occurred, it is 
defined to be a "valid instance". Next, and as reflected 
by block 79, for each configuration, a determination is 
made as to whether less than three "valid instances" 
5 occurred and, if so^ it is defined to be an "invalid 
configuration". On the other hand, if three or more 
valid instances occur, it is defined to be a "valid 
configuration " . 

Next, as indicated by block 80, for each valid 

10 instance of a valid configuration, a determination is 
made as to the maximum value of sACL values in an 
interval from two beats after the first beat of a 
configuration instance to eight beats after the first 
beat of the configuration instance. Likewise, a minimum 

IS value of sACL values in an interval from three beats 
before the first beat of the configuration instance to 
the beat with the maximum value is determined. Figure 5 
is helpful in defining the respective intervals in which 
the maximum values and minimum values are to be found. 

20 Once the maximum value and minimum value in the 

respective intervals have been determined, a smoothed ACL 
feature value, referred to in the flow charts by the 
acronym sACLf , is computed as the maximum value minus the 
minimum value. 

25 Upon completion of step 80, for each of the valid 

configurations of mode and inter-site delays, the mean of 
the sACLf values over the number of valid instances of a 
given configuration is computed. See block 82. Next, 
out of the previously deteantiined valid configurations, 

30 the configuration exhibiting the largest mean sACLf is 
computed (block 84 in 3C2) . 
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Once the particular configuration exhibiting the 
largest mean sACLf is determined/ via step 84, the number 
of valid instances where the particular valid 
configuration has been repeated are examined to determine 
5 a median value and a maximum value of the smoothed ACL 
feature, sACLf . With the median and maximum values so 
determined, a test is made to determine whether the 
quantity (MAX/MEDIAN - 1) is less than a predefined 
threshold. The purpose of this threshold test is to 

10 remove a MAX whose value is too large {relative to the 
median value) . The "predefined threshold" has been 
determined empirically from data accumulated from a 
significant number of patients as a value of 9.5, which 
gave good results for the set of patients investigated. 

15 If the result of the test is true, a potential 

candidate for the optimum configuration has been found 
(block 88) . However, if the test at block 86 had proved 
false, the instance with the maximum value of sACLf is 
defined to be an invalid instance- If this valid 

20 configuration now has less than three valid instances, 
then it is defined to be an invalid configuration. If 
the valid configuration has three or more valid 
instances, the mean of values of valid instances are 
calculated for the valid configuration. Control then 

25 loops back over line 91 to block 84 to again repeat steps 
84 and 86 until such time as the test set out in block 86 
comes out "true". 

Referring again to the flow diagram of Figure 3A, 
after all candidates for the optimum configuration have 

30 been determined, further processing takes place to 
determine which of the candidates is the optimum 
configuration so that the pacemaker can be programmed to 
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operate in this configuration. Specifically, a test is 
made at block 92 to determine whether the largest mean 
sACLf computed at block 82 is less than 8.1 milliseconds. 
If it is, algorithm 1 of Figures 3B1-3B2 is executed. 
5 If not, a further test is made to determine whether the 
largest mean sACLf value is greater than 29.0 
milliseconds. If so, algorithm 3 illustrated at Figures 
3D1-3D2 is executed. If the largest mean sACLf feature 
value lies between 8.1 milliseconds and 29.0 

10 milliseconds, it is the optimum configuration and, as 
indicated by block 96, the pacemaker is programmed to 
operate with that configuration of pacing mode and AV 
delay. The 8.1 ms and 29.0 ms values have been 
empirically established by study of data obtained from a 

15 set of ten patients in a study. 

Referring next to Figures 3B1-3B2, the details of 
Algorithm 1 will be further explained. The first step in 
Algorithm 1 is identified by block 66 and involves 
smoothing the array of ACLs with a 3-point moving 

20 rectangle window. The resulting sACLf values are then 
also stored in the RAM memory. While other smoothing 
techniques are known to persons skilled in signal 
processing, a 3-point moving rectangle moving technique 
proves to be simple to execute and produces reliable 

25 results. 

As was the case with algorithm 2, tests are made to 
determine whether any abnormal beats occurred in the 
interval from 8 beats before a first paced transient beat 
to 8 beats after the last paced transient beat for each 
30 of the configuration instances and if such an abnormal 
beat did occur, that configuration instance would be 
determined to be invalid. Then, each configuration is 
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examined to determine if three or more valid instances 
were found in that configuration and, if so, it would be 
defined to be valid. However, if a configuration was 
found to include less than three valid instances, it 
5 would be defined as an invalid configuration. 

Next, and as is reflected by block 67 in the flow 
diagram of Figure 3B1, for each valid instance of each 
valid configuration, the maximum value and the minimum 
value of the smooth ACL in an interval from two beats 

10 after the first beat of the configuration instance to 
seven beats after the first beat of the configuration 
instance are computed. This operation is further 
explained with the aid of Figure 4. In Figure 4, there 
is shown a series of 15 baseline beats, followed by five 

15 paced beats of an instance of a first configuration 

identified as C, again followed by another series of 15 
baseline beats. The interval in which the maximum and 
minimum values of smoothed ACLs are to be located is 
labeled "MAX and MIN". Likewise, the interval in the 

20 which the mean value of the smoothed ACLs is to be 
located is identified by "MEAN". By selecting the 
intervals in the manner indicated, changes in ACL of a 
transient nature as distinguished from steady state is 
guaranteed. Once the MAX and MIN values of sACL for the 

25 configuration instance are known, a test is made to 

determine whether the absolute value of the quantity (MAX 
- MEAN) is greater than the absolute value of the 
quantity (MIN - MEAN) for the configuration instance. If 
the outcome of the test is true, then the smoothed ACL 

30 feature (sACLf) for the configuration instance is 

determined to be the quantity (MAX - MEAN) . If the test 
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is false, then sACLf is made to be (MIN - MEAN) . See 
steps 68 and 69 in block 67. 

Next, as is indicated by operation block 70, for 
each of the valid configurations, a computation is made 
5 to determine the average or mean of the sACLf over the 
number of valid instances of that configuration. Once 
the operation indicated by block 70 has been completed, 
the particular valid configuration exhibiting the 
greatest mean of smoothed ACL features is identified at 

10 block 71 in Figure 3B2 and the pacemaker is automatically 
programmed to operate with this optimum configuration as . 
shown in block 72. 

An optional sequence of steps is shown connected to 
the flow chart by dashed lines. According to the 

15 optional steps, an outliers test may be performed at 

block 73 similar to that of algorithm 2 in Figures 3C1- 
3C2 previously described to remove a MAX whose value is 
too large (relative to the median values) . Again, the 
empirically determined (predetermined threshold) of 9.5 

20 may be used. If the result of this test is true, as 
shown at block 72, this is the optimum configuration 
that has been determined and the pacemaker can be set to 
operate at that configuration. However, if the test at 
block 73 proves false, the instance with the maximum 

25 value of sACLf or sVCLf is defined to be an invalid 

instance and is shown in block 74. If this once valid 
configuration now has less than three valid instances or 
trials, then it is re-defined to be an invalid 
configuration. If the configuration still has three or 

30 more valid instances, it remains valid. Control loops 
back over line 75 to block 71 to again repeat steps 71 
and 73. 
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Referring again to Figure 3A, if the test at block 
94 had established that the largest mean sACLf had been 
greater than 29.0 milliseconds, algorithm 3 shown in 
Figure 3D would have been executed rather than algorithm 
5 1. Referring to Figures 3D1-3D2, the steps therein are 
substantially . identical to those of algorithm 2 shown in 
Figure 3C with the first 3 blocks being the same as 77, 
78 and 79; the 3 blocks of 98 being the same as 82, 84 
and 86 of Figures 3C1-3C2 and 99 being the same as 90. 

10 However, in block 97 of Figure 3D1 (corresponding to 
block 80 in Figure 3Cl) , the maximum value of sACL (or 
sVCL) is determined at an interval of from one beat after ' 
the first beat of a configuration instance rather than 
from two beats after a first beat configuration instance. 

15 Secondly, block 100 in algorithm 3 shown in Figure 3D2 
differs from block 88 of algorithm 2 shown in Figure 3C2 
in that rather than identifying a candidate optimum 
configuration, the actual optimum configuration is 
established and the pacemaker is then programmed to 

20 operate in this optimum configuration. 

The above optimization is designed to be 
accomplished when the patient is asleep or otherwise in a 
sedentary state. The optimization algorithm, however, is 
also useful in optimizing pacing of the same individual 

25 during physical activities. This is illustrated in the 
flow diagram of Figure 3E which differs from Figure 3A 
only slightly. First, a determination is made at 49 
based on intrinsic ACL or VCL (indicative of HR) as to 
whether the patient is exercising or at rest after a 

30 number of intrinsic beats are sensed. If the rate 

exceeds a predetermined limit, it is presumed that the 
patient is exercising. If it is determined that the 
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patient is exercising, the algorithm of Figure 3E is 
completed: otherwise the program ends at 50. The only 
difference in the determination in this situation is that 
the optimum pacing mode determined when the patient was 
5 at rest is retained and only the inter-site time delays 
are cycled and adjusted based on activity state. The 
result obtained yields an optimum dynamic value of the 
inter-site delays. 

In accordance with the invention, a further specific 

10 alternate protocol embodiment for the determination of 
the optimum pacing sites (PS) and AV delay chosen also 
based on the combination that produces the maximum 
increase in the ACL over baseline will next be discussed. 
Of course, while generally described with regard to ACL, 

15 this example can also be applied to VCL if desired. 

Flow charts disclosing an alternate optimization 
protocol embodiment is shown in Figures 7A, 7B1-7B2, 7C1- 
7C2 and 7D1-7D2 associated in accordance with Figure 7. 
The basic ACL (VCL) protocol is depicted in the flow 

20 diagram of Figure 7A and is generally similar to that of 
Figure 3A, but it includes several modifications, as will 
become apparent. As with the protocol of Figure 3A, 
the first step is to sense intrinsic cardiac activity 
such that a value of the patient's intrinsic AV delay and 

25 ACL can be measured. The measured intrinsic AV delay is 
later used as a basis for AV delay settings for 
optimization trials in the protocol of Figure 7A. 

To allow the system to measure intrinsic AV delay 
while providing ventricular backup pacing, the system 

30 sets the pacing device to operate in a VDD mode with a 
specific AV delay, perhaps 400 msec. LRL equal 240 ppm. 
After the transition of the device to this mode, the 
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system waits for a washout period of 10 cardiac cycles 
before collecting intrinsic AV delay measurements shown 
at block 150 in Figure 7A. To calculate the patient's 
intrinsic AV delay, the system averages a number, 
5 normally 10, intrinsic AV delay measurements after the 
waiting period. The AV delay measurements may be non- 
consecutive. Intrinsic AV delay is measured from the 
detection of an atrial sense outside of PVARP to the 
first succeeding ventricular sense in either ventricular 

10 chamber (LV or RV) , 

The protocol includes a time limit for the system to 
determine the patient's intrinsic AV delay and if it 
cannot be accomplished within this time limit which, in 
one embodiment, is 1 minute +/-2 seconds as shown at 152, 

15 the on-going attempt to initiate the optimization 
protocol is ended and the device is restored to its 
earlier permanent mode settings at 154 . Once the 
intrinsic AV delay of the patient is successfully 
calculated within the allotted time, the system generates 

20 a list of configurations or trials which include a 

plurality of pacing sites and AV delays. Typically, 25%, 
50% and 75% of the measured intrinsic AV delay value may 
be used (block 156) . In that regard, a CHF flexstim 
protocol has shown that 25%-75% of PR range is one in 

2 5 which all responder patients exhibit maximum pulse 
pressure response to pacing. 

The system generates a randomized list of the unique 
PS/AV delay combinations at 158 to be repeated a number 
of times, generally 5, with each repeat of the list being 

30 in a re-randomized order. For example, if 3 PS and 3 AV 
delay optimizations are selected and the trials are 
repeated a total of 5 times, the ACL protocol will 
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consist of 45 trials. This example is further 
illustrated in the schematic representation of Figure 8. 

A string of beats is used to establish baseline (BL) 
for each trail or instance using a particular 
5 configuration of pacing mode and inter-site delay as 

shown at 160. Again, with reference to Figure 8, this is 
normally 5 beats and the ACL measurement is performed in 
the microprocessor and stored in the RAM memory 36 as 
previously described in relation to the previous 

10 embodiment. Immediately following the last of the beats 
used in establishing BL, the heart is paced using a 
selected configuration drawn from the randomized list 
developed in Block 158 again, without limitation, the 
second number of beats may equal 5. As with the BL 

15 beats, the ACL for the paced beats is also determined as 
reflected in block 162. Thereafter, is shown at 164 the 
changed baseline for the trial is initiated and the 
measurements are made for the succeeding 10 beats. Each 
instance or trial then consumes 20 beats. 

20 Thereafter, a determination is made whether the 

trial is invalid at 166 and if the trial just completed 
is found to be invalid due to an abnormal beat or other 
anomaly, many of which are enumerated below, a washout 
period is initialized at 168 and a determination is made 

25 at 170 whether the washout was accomplished (noting 10 
consecutive normal beats) within a predetermined time 
such as one minute +/-2 seconds at 170. If time has 
expired for the washout to be completed. The optimization 
protocol is ended and the permanent mode settings are 

30 restored at 171. An inquiry is then made at 172 as to 
whether this trial is a repeat of the previous trial and, 
if not, at 174 the particular trial is immediately 
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repeated once via 160. A once repeated trial which again 
results in an invalid trial remains noted as an invalid 
trial and the system moves on to the next trial at 176 as 
signaled on line 177. 
5 Reasons for invalidating a trial include, but may 

not be limited to, the following: 

1. The device cannot pace the ventricle (s) during 
the pacing period at the programmed AV delay except for 
the first ventricular pace after transitioning from the 

10 normal baseline to the pacing period; 

2. The ventricular sense is not detected during 
baseline; 

3. If any abnormal beats, e.g., PVCs, are detected 
anywhere in the trial; and 

15 4. Noise is detected in a trial or ventricle 

channels during the pacing period (inhibit or pace 
programmed) . 

With respect to the washout periods utilized, 
washouts can also be invalidated under a number of 

20 conditions as follows: 

1. Ventricular sense not detected; and 

2. An abnormal beat, for example, PVC or PAC as 
detected . 

As shown at 178, via 17 9, trials continue until the 
25 list of configurations has been exhausted as when TN 
equals 9. Thereafter, the instance or list repeat 
number, N, is incremented at 180 and, at 182, the total 
number of cardiac cycles (cc) that have been used during 
the test is checked against a predetermined total number 
30 necessary for the completion of the basic ACL protocol 

which, in this case, is 10 cc +(20 cc/trial x 9 trials or 
instances x 5 (max N) » 910 cc) . A factor such as 20% 
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additional cc is allowed for repeats and washouts. If 
this has not been exceeded, the trials continue at 184 
via line 185, When N exceeds N Max or reaches 6 after 
being incremented at 180, the initial or data gathering 
5 phase of the optimization is finished. The raw ACL 

values have been computed and stored in an array in the 
RAM memory and, as in the previous protocol, further 
algorithms are used to process the raw data in arriving 
at the particular pacing mode - AV configuration yielding 

10 optimum hemodynamic performance. If the maximum number 
of cc has been equaled or exceeded at 182 prior to the 
end of the assimilation of raw data, the protocol is 
again ended at 171 and the device restored to the 
permanent mode settings. 

15 The algorithms used to process the accximulated raw 

data are found in Figures 7B2-7B2, 2C1-7C2 and 7D1-7D2 
which are generally similar to those in Figures 3B1-3B2, 
3C1-3C2, 3D1-3D2 and 3E but do contain differences which 
will also be discussed. 

20 It should be noted in conjunction with Figure 7A 

that when all of the configuration possibilities have 
been exhausted, the list of configurations or trials of 3 
PS times 3 AV delays having been repeated 5 times, each 
time the list being re-randomized so that it is unlikely 

25 that the trials would occur in the same order in any two 
lists, the process moves to block 186. There algorithm 
2A depicted in Figures 7C1-7C2, the basic optimization 
analysis algorithm 2A, Is used to determine a candidate 
optimum configuration in much the same manner as 

30 algorithm 2 depicted in Figure 3C. Blocks 188 and 192 

are used to determine which further algorithm (blocks 190 
and 194) is required for optimization or whether the 
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candidate of algorithm 2A is, in fact, the optimum at 
196. 

Thus, in block 200, the raw ACL data (or VCL data) 
are first smoothed as in algorithm 2 using an 11 point 
5 moving Blackman window which yields a smooth ACL array 

(sACL) or smooth VCL array (sVCL) . At block 202, data is 
checked for abnormal beats, the detection of which 
invalidates an instance or trial and at block 204, as in 
algorithm 2 (Figure 3A) , a determination is made from the 

10 5 repetitions of each configuration as to whether less 
than 3 "valid trials" or "valid instances" occurred and, 
if so, the configuration is defined to be a "invalid 
configuration"; otherwise, if three or more "valid 
trials" or "valid instances" occur, it is defined to be a 

15 "valid configuration". 

As seen in blocks 206 and 208, consistent with the 
philosophy of this protocol embodiment and unlike the 
embodiment of Figure 3A, , in order for the optimization 
protocol to continue, all configurations must be valid 

20 configurations, i.e., containing at least three out of 
five valid trials. Otherwise, the optimization 
determination is ended and the pacing device restored to 
the permanent mode settings. This provides an additional 
level of data screening to increase the reliability of 

25 the final outcome. This having been done, the ensuing 

blocks 210, 212, 214, 216 and 218 process the data in the 
same manner as blocks 80-90 of Figures 3C1-3C2. See also 
Figure 9 as discussed below. 

However, when the result of the outlier threshold 

30 test in box 216 determines, and with box 220, removes a 
MAX whose value is too large (relative to the median 
value) and this outcome, in turn, ' results in a particular 
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conf iguration having less than three valid instances, 
this also makes the configuration invalid. The creation 
of an invalid configuration in this manner also results 
in ending the optimization protocol and a return to the 
5 permanent mode setting as shown in boxes 222 and 224. If 
the configuration remains valid at 222, it is returned to 
block 214 to again repeat steps 214 and 216 until such 
time as the outliers test set out in block 216 comes out 
true, producing the candidate optimum configuration at 

10 block 218. 

When this occurs, as in the previous protocol with 
respect to Figure 3A, reference is again made to Figure 
7A and box 188 where, after the candidate for the optimum 
configuration has been determined in Figures 7C1-7C2, 

15 further processing takes place to determine whether this 
or another candidate is the optimum configuration for 
pacemaker operation. As was the case in the previous 
protocol, specifically, a test is made at block 188 to 
determine whether the largest main sACLf. is less than 8.1 

20 milliseconds. If so, algorithm lA of Figures 7B1-7B2, 

which is quite similar to algorithm 1 of Figures 3B1-3B2, 
is executed. 

The first three steps 240, 242 and 244 perform the 
identical operations as the three blocks beginning with 

25 block 66 of Figure 381. It should be noted that here, 
consistent with this protocol, and as seen at blocks 246 
and 248, a single invalid configuration will again end 
the optimization and restore the operation of the device 
to the permanent mode setting. 

30 Next, as previously discussed with reference to 

block 67 in the flow diagram of Figure 3B1, is the block 
25j0 which can be further explained in conjunction with 
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Figure 9, as was the case with block 67 in Figure 3B, the 
maximum value and the minimum value of the smooth ACL in 
an interval from two beats after the first beat of the 
configuration instance to seven beats after the first 
5 beat of the configuration are computed. In this regard, 
Figure 9 depicts a series of five baseline beats, 
followed by five paced beats of an instance or trial of a 
configuration, again followed by another series of ten 
changed baseline beats. The interval in which the 

10 maximum and minimum values of the smooth ACL's are to be 
located is labeled "MAX" and "MIN". They are represented 
for the three algorithms of Figures 7B1-7B2, 7C1-7C2 and 
7D1-7D2. Likewise, the interval in which the mean value 
of the smooth ACL's is to be located is identified by 

15 "MEAN". Once the "MAX" and "MIN" values of sACL for the 
configuration instance are known, tests identical to 
those at 68 and 69 in block 67 are performed at 252 and 
254 in block 250 of Figure 781. 

As was the case in the first protocol and as 

20 indicated by blocks 70 and 71 of Figure 3B1-3B2, 

computation is made to determine the average or mean of 
the sACLf number of valid instances of that configuration 
at 256 (Figure 7B2) and the particular valid 
configuration exhibiting the greatest mean of the 

25 smoothed ACL or VCL features is identified sACLf or sVCLf 
at 258. The pacemaker is then automatically programmed 
to operate with this optimum configuration. 

As was the case with algorithm 1 of Figure 3B2, 
however, an optional sequence, including an outliers test 

30 may be performed in block 262 to remove a MAX whose value 
is too large (relative to the median values) . Again, the 
empirically determined (predetermined threshold) of 9.5 
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may be used. If the result of this test is true, as 
shown at block 260, this is the optimum configuration 
that has been determined and the pacemaker can be set to 
operate at that configuration. However, if the test at 
5 block 262 proves false, the instance with the maximum 
value of sACLf or sVCLf is defined to be an invalid 
instance as is shown in block 264. If this once valid 
configuration now has less than three valid instances or 
trials at 265, then it is re-defined to be an invalid 

10 configuration which, according to this protocol, ends the 
optimization and restores the permanent mode setting at 
266. If the configuration still has three or more valid 
instances, it remains valid and control then loops back 
over line 267 to block 258 to again repeat steps 258 and 

15 262. 

With reference again to Figure 7A, it is seen that 
if the test at block 192 had established that the largest 
mean sCLf had been greater than 29.0 milliseconds, 
algorithm 3A, shown in Figures 7D1-7D2, would have been 

20 executed rather than algorithm lA in Figures 7B1-7B2. We 
seen in Figure 7D1 that the steps 280, 282, 284, 286 and 
288 are substantially identical to the steps 200-208 in 
Figure 7C1 and many of the steps in Figure 7B1 except 
that in block 290 of Figure 7D1, the maximum value of 

25 sACL or sVCL is determined at an interval of from one 
beat after the first beat of a configuration instance 
rather than from two beats after a first beat of a 
configuration instance. (See Figure 9) Blocks 292-304 in 
Figure 7D2 are the same- as blocks 212-224 of Figure 7C2 

30 with one notable exception. Block 304 of algorithm 3A 
shown in Figure 7D2 differs from block 218 of algorithm 
2A shown in Figure 7C2. Rather than identifying the 
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candidate option configuration (Figure 7C2) , the actual 
optimum configuration is established (Figure 7D2) and the 
pacemaker is then programmed to operate in this optimum 
configuration . 
5 As was the case with the earlier protocol, the 

optimization of Figures 7A, 7B1-7B2, 7C1-7C2, and 7D1-7D2 
is, designed to be accomplished when the patient is asleep 
or otherwise in a sedentary state as was the case with 
Figure 3E modifying Figure 3A, Figure 7A can also be 

10 modified by adding steps comparable to steps 49 and 50 of 
Figure 3A in order to optimize the pacing of the same 
individual during physical activities. This being the 
case, it is believed unnecessary to add an entire new 
figure in this regard. 

15 Thus, in accordance with the invention, patient 

tests have shown that the relatively easy-to-measure 
atrial cycle length (or ventricular cycle length) can be 
used to automatically determine the pacing mode and site- 
to-site delay configuration which provides pulse 

20 pressures greater than the pulse pressure achieved with 
baseline cardiac performance. The need for a special 
sensor to actually measure pulse pressure itself, which 
is difficult to measure, is eliminated. 

In accordance with one aspect of the invention, and 

25 in addition to the above, it has been found that in bi- 
ventricular pacing dynamic inter-site delay adjustments 
may be made on a beat-by-beat basis based on a linear 
function of the VCL or ACL. This relationship may be 
represented by the relation: 

30 dvv mivv + b 

m = dmax " dmin 
ilrl - iurl 
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b - dmax - miirl 

where 

5 iiri and iuri are the lower and upper rate limit 

intervals, the lower and upper rate limits having 
been set by the physician; 
dmax and dmin are the maximum and minimum 
interventricular delays for sequentially paced 

10 sites, one in each ventricle, which are also 

set by the physician based on the relative 
activity of the patient over time and which may 
be varied based on statistical activity trends 
of the patient; 

15 ivv is the ACL (VCL could also be used) ; 

dvv is the dynamic interventricular delay , or the 
delay between sequentially paced sites, one in 
each ventricle. 

In this manner, the dw inter-site delay can be 
20 caused to vary linearly with the ventricular cycle length 
(or ACL) . This is illustrated by the plot of Figure 6. 
Alternatively, it is contemplated that a non-linear 
function may be used. 

This Invention has been described herein in 
25 considerable detail in order to comply with the patent 

statutes and to provide those skilled in the art with the 
information needed to apply the novel principles and to 
construct and use such specialized components as are 
required. However, it is to be understood that the 
30 invention can be carried out by specifically different 
equipment and devices, and that various modifications, 
both as to the equipment and operating procedures, can be 
accomplished without departing from the scope of the 
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invention itself. As already mentioned/ the intrinsic 
and paced beat information can readily be telemetered out 
to an external programmer/monitor incorporating a 
microprocessor and associated memory so that the ACL 
5 determinations and signal processing thereof can be done 
external to the patient in arriving at the optimal pacing 
mode-A\r delay interval. Hence, the scope of the 
invention is to be determined from the appended claims. 
What is claimed is : 



10 
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CLAIMS 

1. A method of enhancing paced cardiac performance 
by optimizing the operation of a pacing device, the 

5 method comprising the steps of: 

(a) measuring a selected cardiac performance 
parameter indicative of the performance of a 
patient's heart during multi-site pacing to 
establish a baseline using a first pacing 

10 device operation setting; 

(b) varying the operation setting; 

(c) measuring said parameter during pacing using a 
changed operation setting; and 

(d) determining an optimal pacer device operation 
15 setting based on measurements of said parameter 

at a plurality of settings, 

2. A method of enhancing paced cardiac performance 
by optimizing the operation of a pacing device, the 
method comprising the steps of: 

20 (a) measuring a selected cardiac performance 

parameter indicative of the performance of a 
patient's heart during multi-site pacing to 
establish a baseline using a first setting 
comprising a first pacing mode and first inter- 

25 site delay interval; 

(b) varying the setting by changing an inter-site 
delay interval or pacing mode; 
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(c) measuring said parameter during pacing using a 
changed setting; and 

(d) determining an optimal inter-site delay 
interval and pacing mode configuration based on 

5 measurements of said parameter at a plurality 

of settings. 

3. The method of claim 2 comprising: 

(e) after step (c) / for each pacing mode inter-site 
delay interval and mode configuration used^ 

10 calculating an average value of the selected 

parameter of interest; 

(f ) determining an optimal inter-site delay 
interval and pacing mode configuration from 
among the averages determined in step (e) ; and 

15 (g) setting the inter-site delays and pacing mode 

configuration of the pacemaker to the optimal 
inter-site delay pattern and pacing mode 
configuration established in step (f ) - 

4 . A method as in claim 2 wherein said selected 
20 cardiac performance parameter of interest is selected 

from the group consisting of atrial cycle length (ACL) , 
ventricle cycle length (VCL) , ventricular volumes, blood 
flow velocity, total acoustic noise and direct 
measurement of pulse pressure. 

25 5 . A method as in claim 4 wherein a plurality of 

selected cardiac performance parameters of interest are 
employed in obtaining an optimal inter-site delay pattern 
and pacing mode configuration. 

6. A method as in claim 4 including the step of 

30 performing said optimization method with respect to an 
exercising patient. 
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7. A method of enhancing one or more aspects of 
cardiac performance by optimizing pacing mode 
configuration and/or inter-site delay pattern in a 
programmable multi -chamber, multi-site pacemaker in 

5 which a selected cardiac parameter of interest of known 
relation to an aspect of cardiac performance is selected 
and optimized by comparing a plurality of inter-site 
delay patterns and/or pacing mode configurations in a 
manner which determines the optimum delay pattern and 
10 pacing mode to optimize said parameter and thereby 
optimize said aspect of cardiac performance. 

8. A method of optimizing the pacing mode and 
inter-site delay configuration of a dual chamber 
pacemaker of the type having means for sensing atrial 

15 depolarization events, means for sensing ventricular 
depolarization events and means for applying cardiac 
stimulating pulses selectively to the right, left or both 
ventricular chambers at a plurality of sites at 
predetermined delay intervals following detection of 

20 atrial depolarization events, comprising the steps of: 

(a) tracking a patient's intrinsic atrial 
depolarization events; 

(b) measuring the patient's atrial cycle length 
(ACL) between successive atrial depolarization 

25 events over a first predetermined number of 

heart beats, Ni, a first set of inter-site delay 
intervals and storing the measured ACLs as an 
array in a memory to establish a baseline 
value; 

30 (cj changing at least one of one or more inter-site 

delay intervals and pacing mode configuration s 
for a second predetermined number of heart 
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beats, N2/ less than the first predetermined 

number of heart beats by changing 

(i) the delay interval of the pacemaker 

between successive sites from the baseline 
5 value to a different delay interval; 

(d) measuring the patient's ACLs between successive 
atrial depolarization events over the second 
predetermined number of heart beats and storing 
the measuring ACLs in the array in said memory; 
10 (e) calculating and storing an ACL feature value 

obtained from the patient's atrial cycle length 
measured in steps (b) and (d) ; 
(f) repeating steps (a) -(e) in iterative cycles 
over a range of inter-site delay intervals; 
15 (g) after step (f ) for each pacing mode inter-site 

delay configuration calculating the average of 
the ACL features over all of the occurrences of 
the configuration; 

(h) determining the optimal configuration from 

20 among the averages determined in step (g) ; and 

(i) setting the inter-site delays and pacing mode 
configuration of the pacemaker to the optimal 
inter-site delays and pacing mode configuration 
established in step (h) . 

25 9. The method of claim 8 wherein the ACL feature 

value is calculated by the steps of: 

(j) smoothing the array of ACLs; 

(k) determining from the smoothed array of ACLs a 
maximum value and a minimum value in a first 
30 predetermined interval measured in beats for 

each inter-site delay and pacing mode 
configuration; 
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(1) determining from the smoothed array a mean 
value of ACLs in a second predetermined 
interval measured. in beats for each inter-site 
delay and pacing mode configuration; 
5 (iti) computing an absolute value of the difference 

between said maximum value and said mean value 
and computing an absolute value of the 
difference between said minimum value and said 
mean value; 

10 (n) comparing the absolute value of the difference 

between the maximum value and the mean value 
with the absolute value of the difference 
between the minimum value and the mean value to 
determine which is the larger; and 
15 (o) setting the ACL feature value to the difference 

between the maximum value and the mean value 
when the absolute value of that difference is 
greater than the absolute value of the 
difference between the minimum value and the 
20 mean value, and setting the ACL feature value 

to the difference between the minimum value and 
the mean value when the absolute value of the 
difference between the maximum value and the 
mean value is less than or equal to the 
25 absolute value of the difference between the 

minimum value and the mean value. 
10. A method for optimizing delay intervals between 
pacing sites and pacing mode configuration of a 
programmable dual chamber cardiac pacemaker of the type 
30 having means for sensing atrial and ventricular 

depolarization events, including a microprocessor-based 
controller for using a plurality of sites for selectively 
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stimulating the right, the left or both ventricular 
chambers with pacing pulses at predetermined delay 
intervals following detection of atrial depolarization 
events, the microprocessor-based controller having means 
5 for determining atrial cycle lengths and a memory for 
storing data in an addressable array, comprising the 
steps of: 

(a) storing in the memory a listing of pacing mode 
and inter-site delay configurations, each such 

10 configuration specifying ventricular chamber (s) 

to be stimulated and inter-site delay intervals 
to be utilized; 

(b) pacing the ventricular chamber (s) in accordance 
with a pacing mode inter-site delay 

15 configuration selected randomly from said 

listing for a first number of beats, Ni, 
following a second number of intrinsic beats, 
N2/ sufficient to establish a base line; 

(c) repeating step (b) for each pacing mode and 

20 inter-site delay configuration contained in the 

listing; 

(d) determining the ACL values between each of the 
Ni and Na beats resulting from steps (b) and (c) 
and storing said ACL value in the addressable 

25 array in the memory; 

(e) repeating steps (b) through (d) a predetermined 
number of instances, N3; 

(f) smoothing the array of ACLs; 

(g) determining for all N3 instances of each pacing 
30 mode and inter-site delay configuration the 

maximum value of the smoothed ACLs in a first 
interval beginning after a change to the first 
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number of beats Ni and ending after a change to 
the second number of beats, N2/ and a minimum 
value of the smoothed ACLs in a second interval 
beginning a predetermined number of beats prior 
5 to a change from the N2 beats to the Ni beats 

and ending with the beat associated with the 
maximum value; 

(h) computing a smoothed ACL feature as the 
difference between the maximum value and the 

10 minimum value; 

(i) calculating the mean value of the smoothed ACL 
features computed in step (h) over the N3 
instances for each pacing mode inter-site delay 
configuration and determining the configuration 

15 yielding the largest mean value; 

(j) determining among the N3 instances associated 
with the configuration yielding the largest 
mean value a median value and a maximum value 
of smoothed ACL features; and 
20 (k) when the difference between the ratio of 

maximum value and the median value is less than 
a predetermined value, this is a candidate 
optimum configuration. 
11, The method of claim 10 and when the ratio of 
25 maximum value and the median value of smoothed ACL 

features is greater than or equal to the predetermined 
threshold value, repeating steps (i) and (j) after 
recalculating the mean of the instances of the 
configuration associated with the largest mean value of 
30 smoothed ACL features after removing the instance having 
the maximum value of smoothed ACL features from the 
instances. 
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12. A method of optimizing the inter-site delay and 
pacing mode configuration of a dual chamber pacemaker of 
the type having means for sensing atrial depolarization 
events, means for sensing ventricular depolarization 
5 events and means for applying cardiac stimulating pulses 
selectively to a plurality of sites at locations selected 
the right, left or both ventricular chambers at 
predetermined inter-site delay intervals following 
detection of atrial depolarization events, comprising the 
10 steps of: 

(a) tracking a patient's intrinsic ventricular 
depolarization events; 

(b) measuring the patient *s ventricular cycle 
length (VCL) between successive ventricular 

15 depolarization events over a first 

predetermined number of heart beats, Ni,and 
storing the measured VCLs as an array in a 
memory to establish a baseline value; 

(c) changing at least one delay interval and pacing 
20 mode configuration by changing, for a second 

predetermined number of heart beats, N2, less 
than the first predetermined number of heart 
beats, 

(i) one or more inter-site delay intervals of 
25 the pacemaker from the baseline value to a 

different delay interval; 

(ii) the sites to which the stimulating pulses 
are applied; 

(d) measuring the patient's VCLs between successive 
30 ventricular depolarization events over the 

second predetermined number of heart beats and 
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storing the measured VCLs in the array in said 
memory; 

(e) calculating and storing a VCL. feature value 
obtained from the patient's ventricular cycle 

5 length measured in steps (b) and (d) ; 

(f) repeating steps (a) -(e) in iterative cycles 
over a range of inter-site delay intervals and 
ventricular chamber (s) selected for receiving 
the cardiac stimulating pulses; 

10 (g) after step (f ) for each pacing mode inter-site 

delay configuration calculating the average of 
the VCL features over all of the occurrences of 
the configuration; 

(h) determining the optimal configuration from 

15 among the averages determined in step (g) ; and 

(i) setting the inter-site delay and pacing mode 
configuration of the pacemaker to the optimal 
inter-site delay and pacing mode configuration 
established in step (h) . 

20 13, The method of claim 12 wherein the VCL feature 

value is calculated by the steps of: 

(j) smoothing the array of VCLs; 

(k) determining from the smoothed array of VCLs a 
maximum value and a minimum value in a first 
25 predetermined interval measured in beats for 

each inter-site delay and pacing mode 
configuration ; 
(1) determining from the smoothed array a mean 
value of VCLs in a second predetermined 
30 interval measured in beats for each inter-site 

delay and pacing mode configuration; 
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(m) computing an absolute value of the difference 
between said maximum value and said mean value 
and computing an absolute value of the 
difference between said minimum value and said 
5 mean value; 

(n) comparing the absolute value of the difference 
between the maximum value and the mean value 
with the absolute value of the difference 
between the minimum value and the mean value to 
10 determine which is the larger; and 

(o) setting the VCL feature value to the difference 
between the maximum value and the mean value 
when the absolute value of that difference is 
greater than the absolute value of the 
15 difference between the minimum value and the 

mean value, and setting the VCL feature value 
to the difference between the minimum value and 
the mean value when the absolute value of the 
difference between the maximum value and the 
20 mean value is less than or equal to the 

absolute value of the difference between the 
minimum value and the mean value. 
14. A method for optimizing inter-site delay 
intervals and pacing mode configuration of a 
25 programmabler dual-chamber, cardiac pacemaker of the type 
having means for sensing atrial and ventricular 
depolarization events, including a microprocessor-based 
controller using a plurality of pacing sites for 
selectively stimulating the right, the left or both 
30 ventricular chambers with pacing pulses at predetermined 
inter-site delay intervals following detection of atrial 
depolarization events, the microprocessor-based 
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controller having means for determining ventricular cycle 
lengths (VCLs) and a memory for storing data in an 
addressable array, comprising the steps of: 

(a) storing in the memory a listing of pacing mode 
5 and inter-site delay configurations, each such 

configuration specifying ventricular chamber (s) 
to be stimulated and an inter-site delay 
interval to be utilized; 

(b) pacing the ventricular chamber (s) in accordance 
10 with a pacing mode inter-site delay 

configuration selected randomly from said 
listing for a first number of beats, Ni, 
following a second number of intrinsic beats, 
N2, sufficient to establish a baseline; 
15 (c) repeating step (b) for each pacing mode and AV 

delay configuration contained in the listing; 

(d) determining the VCL values between each of the 
Ni and N2 beats resulting from steps (b) and (c) 
and storing said VCL value in the addressable 

20 array in the memory; 

(e) repeating steps (b) through (d) a predetermined 
number of instances, N3; 

{f ) smoothing the array of VCLs; 

(g) determining for all N3 instances of each pacing 
25 mode and inter-site delay configuration the 

maximum value of the smoothed VCLs in a first 
interval beginning after a change to the first 
number of beats, Ni, and ending after a change 
to the second number of beats, N2r and a minimum 
30 value of the smoothed VCLs in a second interval 

beginning a predetermined number of beats prior 
to a change from the N2 beats to the Ni beats 
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and ending with the beat associated with the 
maximum value; 

(h) computing a smoothed VCL feature as the 
difference between the maximum value and the 

5 minimum value; 

(i) calculating the mean value of the smoothed VCL 
features computed in step (h) over the N3 
instances for each pacing mode inter-site delay 
configuration and determining the configuration 

10 yielding the largest mean value; 

(j) determining among the N3 instances associated 
with the configuration yielding the largest 
mean value a median value and a maximum value 
of smoothed VCL feature; and 

15 (k) when the difference between the ratio of 

maximum value and the minimum value is less 
than a predetermined value, this is a candidate 
optimum configuration. 

15. The method of claim 14 and when the ratio of 
20 maximum value and the median value of smoothed VCL 

features is greater than or equal to the predetermined 
threshold value, repeating steps (i) and (j) after 
recalculating the mean of the instances of the 
configuration associated with the largest mean value of 
25 smoothed VCL features after removing the instance having 
the maximum value of smoothed VCL features from the 
instances. 

16. A method for optimizing inter-site delay 
intervals and pacing mode configuration of a 

30 programmable, dual-chamber, cardiac pacemaker of the type 
having means for sensing atrial and ventricular 
depolarization events, including a microprocessor-based 
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controller using a plurality of pacing sites for 
selectively stimulating the right and left ventricular 
chambers with pacing pulses at predetermined inter-site 
delay intervals following detection of atrial 
5 depolarization events r the microprocessor-based 

controller having means for determining atrial cycle 
lengths (ACLs) or ventricular cycle lengths (VCLs) and a 
memory for storing data in an addressable array, 
comprising the steps of: 
10 (a) establishing an upper rate limit and a lower 

rate limit for pacing and storing these in 
memory; 

(b) establishing a range of allowable delay 
intervals between pacing the right ventricle 

15 and pacing a first site in the left ventricle 

in relation to said upper rate limit and said 
lower rate limit; and 

(c) making dynamic inter-site delay interval 
adjustments to optimize the interval based on a 

20 linear relationship between the delay interval 

between adjacent pulses in the right and left 
ventricles and the VCL or ACL, wherein said 
inter-site delay interval is adjusted between 
maximum and minimum values in said range of 

25 allowable delay intervals. 

17. The method according to claim 16 wherein said 
adjustments are made on an on-going basis. 

18. A method for optimizing atrioventricular delay, 
comprising: 

30 (a) tracking an intrinsic performance parameter of 

a patient's heart; 
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(b) measuring a performance parameter over a first 
predetermined number of heart beats, Ni, a first 
set of inter-site delay intervals and storing 
the measured performance parameter as an array 

5 in a memory to establish a baseline value; 

(c) changing at least one of one or more inter-site 
delay intervals and pacing mode configuration 
for a second predetermined number of heart 

. beats, N2/ less than the first predetermined 
10 number of heart beats by charging 

(i) the delay interval of the pacemaker 

between successive sites from the baseline 
value to a different delay interval; 

(d) measuring the patient's performance parameter 
15 between successive atrial depolarization events 

over the second predetermined number of heart 
beats and storing the measuring performance 
parameter in the array in said memory; 
. (e) calculating and storing an performance 

20 parameter feature value obtained from the 

patient's performance parameter measured in 
steps (b) and (d) ; 
(f) repeating steps (a)-(e) in iterative cycles 
over a range of inter-site delay intervals; 

25 (g) after step (e) for each pacing mode inter-site 

delay configuration calculating the average of 
the performance parameter features over all of 
the occurrences of the configuration; 

(h) determining the optimal configuration from 

30 among the averages determined in step (f ) ; and 

(i) setting the inter-site delays and pacing mode 
configuration of the pacemaker to the optimal 
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inter-site delays and pacing mode configuration 
established in step (g) . 

19. A method, as in Claim 18, wherein the 
performance parameter is selected from the group 

5 consisting of ventricular volumes, blood flow velocity, 
total acoustic noise, and direct measurement of pressure. 

20. A method of optimizing the pacing mode and 
inter-site delay configuration of a dual chamber 
pacemaker of the type having means for sensing atrial 

10 depolarization events, means for sensing ventricular 
depolarization events and means for applying cardiac 
stimulating pulses selectively to the right, left or both 
ventricular chambers at a plurality of sites at 
predetermined delay intervals following detection of 

15 atrial depolarization events, comprising the steps of: 

(a) determining a patient's intrinsic AV delay; 

(b) generating randomized list of configurations, 
each having a specific pacing mode and AV 
delay, said AV delay being a function of the 

20 intrinsic AV delay; 

(c) measuring a selected cardiac performance 
parameter selected from a group indicative of 
the performance of a patient's heart during 
multi-site pacing for a first number of beats 

25 to establish a baseline using a first setting 

comprising a first pacing mode and first inter- 
site delay interval; 

(d) varying the setting in accordance with a 
configuration from step (b) ; 

30 (e) measure said parameter during pacing for a 

second number of beats; 
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(f ) calculating and storing a performance parameter 
feature value obtained in steps (c) and (e) ; 

(g) repeating steps {c)-(f) which define a trial 
until said randomizer list is exhausted; 

5 (h) re-randomizing list of configurations in (b) a 

predetermined number of times (N) and repeating 
steps (c)-(g) for each randomization that each 
configuration is repeated for N trials; 
(i) determining that data confirms that all 
10 configurations are valid and wherein any 

invalid configuration results in ending of the 
optimization and return of the pacemaker to 
permanent settings; 
(j) determining an optimal inter-site delay 
15 interval and pacing mode configuration based on 

measurements of said parameter at said 
plurality of configuration, each having a 
plurality of trials; and 
(k) setting the inter-site delays and pacing mode 
20 configuration of the pacemaker to the optimal 

inter-site delays and pacing mode configuration 
established in step (j) • 
21. A method as in claim 20 wherein said selected 
cardiac parameter is selected from ACL and VCL. 
25 22. A method as in claim 20 wherein said selected 

cardiac parameter is ACL. 

23. A method as in claim 20 wherein a configuration 
is determined to be valid if a majority of trials of that 
configuration are valid. 
30 24. A method as in claim 20 further comprising the 

steps of: 
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(1) testing the validity of each trial immediately 

after it is conducted; and 
(m) repeating an invalid trial once prior to 
conducting a different trial. 
5 25, A method as in claim 22 further comprising the 

step of performing a successful washout prior to 
repeating a trial. 

26. A method as in claim 23 wherein said successful 
washout must occur within a fixed time limit otherwise 

10 the optimization is ended and permanent mode settings are 
restored. 

27. A method as in claim 20 further comprising the 
steps of : 

(n) comparing the total number of cardiac cycles 
15 used in the optimization to a maximum allowable 

number and ending the optimization and 
restoring permanent mode settings if the number 
is exceeded. 

28. A method as in claim 20 wherein the patient's 
20 AV delay is determined by averaging the delay over a 

predetermined number of normal beats and wherein that 
must be accomplished within a predetermined time limit or 
the optimization ended and permanent mode settings 
restored. 

25 29. A method' as in claim 20 wherein the selected 

parameter is ACL and wherein a candidate optimum 
configuration setting is obtained by the following steps: 
(o) smoothing the array of ACLs parameter values; 
(p) determining for all instances of each pacing 
30 mode and inter-site delay configuration the 

maximum value of the smoothed ACLs in a first 
interval beginning after a change to the first 
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niamber of beats Ni and ending after a change to 
the second number of beats N2 and a minimum 
value of the smoothed ACLs in a second interval 
beginning a predetermined number of beats prior 
5 to a change from the N2 beats to the Ni beats 

and ending with the beat associated with the 
maximum value, 
(q) computing a smoothed ACL feature as the 

difference between the maximum value and the 
10 minimum value; 

(r) calculating the mean value of the smoothed ACL 
features computed in step (h) over the all 
valid instances for each pacing mode inter-site 
delay configuration and determining the 
15 configuration yielding the largest mean value; 

(s) determining among the valid instances 

associated with the configuration yielding the 
largest mean value a median value and a maximum 
value of smoothed ACL features. 
20 30. A method as in claim 29 and when the ratio of 

maximum value and the median value of smoothed ACL 
features is greater than or equal to the predetermined 
threshold value, repeating steps (r) and (s) after 
recalculating the mean of the instances of the 
25 configuration associated with the largest mean value of 
smoothed ACL features after removing the instance having 
the maximum value of smoothed ACL features from the 
instances and if after removing the instance having the 
maximum value of smoothed ACL features from the instances 
30 this results in its configuration having less than a 

majority of valid instances, ending the optimization and 
restoring permanent mode settings. 
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31, A method as in claim 30 wherein said candidate 
optimum configuration is the optimum and the pacemaker is 
set to operate in that configuration. 

32. A method as in claim 20 wherein the selected 
5 parameter is ACL and the feature value is calculated by 

the steps of: 

(t) smoothing the array of ACLs; 

(u) determining from the smoothed array of ACLs a 
maximum value and a minimum value in a first 
10 predetermined interval measured in beats for 

each inter-site delay and pacing mode 
configuration; 
(v) determining from the smoothed array a mean 
value of ACLs in a second predetermined 
15 interval measured in beats for each inter-site 

delay and pacing mode configuration; 
(w) computing an absolute value of the difference 
between said maximum value and said mean value 
and computing an absolute value of the 
20 difference between said minimum value' and said 

mean value; 

(x) comparing the absolute value of the difference 
between the maximum value and the mean value 
with the absolute value of the difference 

25 between the minimum value and the mean value to 

determine which is the larger; 
(y) setting the ACL feature value to the difference 
between the maximum value and the mean value 
when the absolute value of that difference is 

30 greater than the absolute value of the 

difference between the minimum value and the 
mean value and setting the ACL feature value to 
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the difference between the minimum value and 
the mean value when the absolute value of the 
difference between the maximum value and the 
mean value is less than or equal to the 
5 absolute value of the difference between the 

minimum value and the mean value; 
(z) calculating the mean value of the smoothed ACL 
features computed in step (h) over the N3 
instances for each pacing mode inter-site delay 

10 configuration and determining the configuration 

yielding the largest mean value; and 
(aa) determining among the valid instances 

associated with the configuration yielding the 
largest mean value a median value and a maximum 

15 value of smoothed ACL features. 

33. The method of claim 32 and when the ratio of 
maximum value and the median value of smoothed ACL 
features is greater than or equal to the predetermined 
threshold value, repeating steps (2) and (aa) after 

20 recalculating the mean of the instances of the 

configuration associated with the largest mean value of 
smoothed ACL features after removing the instance having 
the maximum value of smoothed ACL features from the 
instances and if after removing the instance having the 

25 maximum value of smoothed ACL features from the instances 
this results in its configuration having less than a 
majority of valid instances, ending the optimization and 
restoring permanent mode settings. 

34. A method as in claim 22 wherein any abnormal 

30 beats detected anywhere in a trial invalidate that trial. 
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35. A method as in claim 20 wherein each 
configuration contains an AV delay in the range between 
25% and 75% of intrinsic AV delay. 

36. A method as in claim 20 wherein the selected 
5 parameter is VCL and wherein a candidate optimum 

configuration setting is obtained by the following steps: 
(o) smoothing the array of VCLs parameter values; 
(p) determining for all instances of each pacing 
mode and inter-site delay configuration the 
10 maximum value of the smoothed VCLs in a first 

interval beginning after a change to the first 
number of beats Ni and ending after a change to 
the second number of beats N2 and a minimum 
value of the smoothed VCLs in a second interval 
15 beginning a predetermined number of beats prior 

to a change from the N2 beats to the Ni beats 
and ending with the beat associated with the 
maximum value, 
(q) computing a smoothed VCL feature as the 
20 difference between the maximum value and the 

minimum value; 
(r) calculating the mean value of the smoothed VCL 
features computed in step (h) over the N3 
instances for each pacing mode inter-site delay 
25 configuration and determining the configuration 

yielding the largest mean value; 
(s) determining among the valid instances 

associated with the configuration yielding the 
largest mean value a median value and a maximum 
30 value of smoothed VCL features. 

37. A method as in claim 36 and when the ratio of 
maximum value and the median value of smoothed VCL 
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features is greater than or equal to the predetermined 
threshold value, repeating steps (r) and (s) after 
recalculating the mean of the instances of the 
configuration associated with the largest mean value of 
5 smoothed VCL features after removing the instance having 
the maximum value of smoothed VCL features from the 
instances and if after removing the instance having the 
maximum value of smoothed VCL features from the instances 
this results in its configuration having less than a 

10 majority of valid instances, ending the optimization and 
restoring permanent mode settings . 

38. A method as in claim 37 wherein said candidate 
optimum configuration is the optimum and the pacemaker is 
set to operate in that configuration, 

15 39. A method as in claim 20 wherein the selected 

parameter is VCL and the feature value is calculated by 
the steps of: 



25 



20 



(t) 



(u) 



(w) 



(V) 



smoothing the array of VCLs; 

determining from the smoothed array of VCLs a 
maximum value and a minimum value in a first 
predetermined interval measured in beats for 
each inter-site delay and pacing mode 
configuration ; 

determining from the smoothed array a mean 
value of VCLs in a second predetermined 
interval, measured in beats for each inter-site 
delay and pacing mode configuration; 
computing an absolute value of the difference 



between said maximum value and said mean value 



30 



and computing an absolute value of the 



difference between said minimum value and said 



mean value; 
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(x) comparing the absolute value of the difference 
between the maximum value and the mean value 
with the absolute value of the difference 
between the minimum value and the mean value to 
5 determine which is the larger; 

(y) setting the VCL feature value to the difference 
between the maximum value and the mean value 
when the absolute value of that difference is 
greater than the absolute value of the 
10 difference between the minimum value and the 

mean value and setting the VCL feature value to 
the difference between the minimum value and 
the mean value when the absolute value of the 
difference between the maximum value and the 
15 mean value is less than or equal to the 

absolute value of the difference between the 
minimum value and the mean value; 
(z) calculating the mean value of the smoothed VCL 
features computed in step (h)>over the N3 
20 instances for each pacing mode inter-site delay 

configuration and determining the configuration 
yielding the largest mean value; and 
(aa) determining among the valid instances 

associated with the configuration yielding the 
25 largest mean value a median value and a maximum 

value of smoothed VCL features, 
40. The method of claim 39 and when the ratio of 
maximum value and the median value of smoothed VCL 
features is greater than or equal to the predetermined 
30 threshold value, repeating steps (z) and (aa) after 
recalculating the mean of the instances of the 
configuration associated with the largest mean value of 
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smoothed VCL features after removing the instance having 
the maximum value of smoothed VCL features from the 
instances and if after removing the instance having the 
maximum value of smoothed VCL features from the instances 
5 this results in its configuration having less than a 

majority of valid instances, ending the optimization and 
restoring permanent mode settings. 
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PACING MODE AND INTER-SdE DELAY 



■52 



RANDOMIZE ORDER OF CONRGURATIONS TO CREATE 
RANDOMIZED UST OF CONFIGU RATIONS 



-54 



FOR EACH OF A RRST NUMBER OF BL BEATS (BEAT 1 THROUGH BEAT 15) 
•DETERMINE THE VALUE OF Aa OR VCL . 



FOR EACH OF THE SUCCEEDING SECOND NUMBER OF BEATS 
(5 BEATS IN INSTANCE OF CONRGURATION) 
•PACE HEART AT A SELECTED CONFIGURATION ON RANDOMIZED UST 
•DETERMINE VAIUE OF ACL OR VCL 



} MORE CONFIGURATIONS ON RANDOMIZED UST TO TEST?^ 



^56 

r- 

61' 
■^58 



YES 



NO 



60 



REPEAT ODNRGWRATION UST?]^ 

=P 



62 



NO 



FOR EACH OF THE RRST NUMBER OF BEATS (15 BEATS IN BU 
•DETERMINE THE VALUE OF ACL OR Va 

3; 



I EXECUTE ALGORITHM 2^ 



EXECUTE ALGORITHM 1 
RG. 3B1-3B2 


4 ^ 




EXECUTE ALGORITHM 3 
. FIG. 3D1-3D2 


4 ^ 





1 



NO 



JNO V. 



THIS IS THE OPTIMUM CONHGURATION. 
SET PACEMAKER TO OPERATE IN THIS CONRGURATION - END 



/=:96 



94 



FIG, 3A 
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I ALGORITHM 1 f 



66 

r 



SMOOTH THE ARRAY OF AOs OR VCLs WITH 3 POINT MOVING RECTANGLE WINDOW TO 
CREATE SMOOTHED ARRAY: sACL OR sVCL 



FOR EACH CONFIGURATION INSTANCE: IF ANY ABNORMAL BEATS (PVC, ETC) 
FROM 8 BEATS BEFORE HRST PACED BEAT TO 8 BEATS AFTER lAST PACED BEAT, 
THEN THIS IS OERNED TO BE AN INVAUD INSTANCE. 
ELSE THIS IS DEHNED TO BE A VAUD INSTANCE. 



FOR EACH CONFIGURATION: IF LESS THAN 3 VAUD INSTANCES 
THEN THIS IS DEHNED TP BE AN INVAUD CONnGURATION . 
ELSE THIS IS DERNED TO BE A VAUD CONnGURATION. 



L 



67 



FOR EACH VAUD CONFIGURATION VAUD INSTANCX: 

DETERMINE MAX. VAUJE AND MIN. VAWE OF sACL OR 8VCL IN INTERVAL 
FROM 2 BEATS AFTB) FIRST BEAT OF CONHGURATION INSTANCE 
IS 7 BEATS AFTER FIRST BEAT OF CONHGURATION INSTANCE. 

• DETERMINE MEAN VALUE OF sAa OR sVCL IN INTERVAL 
FROM 2 BEATS BEFORE RRST BEAT OF CONFIGURATION INSTANCE 
XO 2 BEATS AFTER RRST BEAT OF OONRGURATTON INSTANCE 

• DETERMINE sACL OR sVCL FEATURE VAUJE sACLf OR sVOJi 
IS MAGNITUDE (MAX.-MEAN) > MAGNITUDE (MIN.-MEAN)? 

YES: sACLf OR sVCLf= (MAX.-M»N) " 68 

NO: sACLf OR sVCLf " (MIN^MEAN) ^-^9 



I 



FDR EACH OF THE VAUD CONRGURATIONS: 
DETERMINE MEAN OF sACU OR sVCLf OVER THE VAUD INSTANCES. 



-—70 



TO RG. 3B2 



FIG. 3B1 
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FROM Fia 3B1 



I 



71 



AMONG THE VAUD CONRGURATiONS: 

DETERMINE OONnGURATION WITH LARGEST MEAN sACLf OR sVOf. 



73 



OPTIONAL STEPS 



AMONG THE VAUD INSTANCES OF THIS VAUD CONHGURATION: 

• DETERMINE MEDIAN VALUE OF sACLf OR sVCU. 

• DETERMINE MAX. VALUE OF sACLf OR sVCLf. 

iS (MAX. / MEDIAN -1) < PREDEIERMINB) THRESHOLD? 



NO 



YES 



I 

J* 



74 



THE INSTANCE WITH THE MAX. VALUE OF sACLf OR sVOLf 

IS DERNED TO BE AN INVAUD INSTANCE. 
IF THIS VAUD CONFIGURATION NOW HAS < 3 VAUD INSTANCES, 

THEN rr IS DEFINED TO BE AN INVAUD O0NHGURA110N. 
ELSE - CALCULATE MEAN OF VALUES OF VAUD INSTANCES 
OF THIS VAUD CONRGURATION. 



72 

± I 



THIS IS THE OPTIMUM CONRGURATION. 
SET PACEMAKER TO OPERATE IN THIS CONHGURATION. 



FIG. 3B2 
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I ALGORITHM 2'! 



77 



SMOOTH THE ARRAY OF ACLs OR VCLs WITH 1 1 POINT MOVING BIACKMAN 
VtflNDOW TO CTEATE SMOOTHED ARRAY; sACL OR sVGL 



I 



78 
J 



FDR ^ obNFIGURATlON INSrANC& If^ aIiV ABrtORMAL BEATS (PVC, ETC.) 
FROM 8 BEATS BEFORE flKSf PACED BEAT TO 8 BEATS AFTER LAST PACED BEAT, 

THEN THIS tS DEFINED TO BE AN INVAUD INSTANCE. 
ELSE THIS IS DEFlf tm TO BP A VAUD fWSTANCE. 



I 



79 
_J 



FOR EACH CONHGURATION: IF LESS THAN 3 VAUD INSTANCES, 
THEN THIS IS DERNEO TO BE AN INVAUD CONHGURATION. 
BJSE THIS IS DEFINED TO BE * VAI ID COWFieURATtON. 



1 



FOR EACH VAUD CONRGURATION VAUD INSTANCE: 

• DETERMINE MAX. VAUJE OF sAOtOR sVa IN INTERVAL FROM 2 BEATS AFTER 

HRST BEAT OF CONFIGURATION INSTANCE 10 8 BEATS AFTER FIRST 
BEAT OF CONFIGURATION INSTANCE 

• DETERMINE MIN. VALUE OF sAa OR sVa IN INTERVAL ERO]^ 3 BEATS BEFORE 

FIRST BEAT OF CONFIGURATION INSTANCE TO BEAT WITH MAX. VAUJE 

• DETERMINE sACL OR sVCL FEATURE VAUiE sACLT OR sVCLf: 
sACtf ORsVCLT'MAXrMIN. 



roR ^CH OF THE VAUD CONFIGURATIONS: 
•DETERMINE MEAN OF sACU OR sVCU OVER VAUD INSTANCES. 



7^ 

{TQR6 3C2 



[82 



FIG, 3C1 
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FROM HG. 3C1 



84 
-J- 



AMONG THE VAUD CONFItaJRATIONS: 
•DETERMINE CONFIGURATION WITH LARGEST MEAN SACU OR sVCU. 



/-86 



AMONG THE VAUD mSTANCES OF THIS VAUD CONFIGURATION: 
• DETERMINE MEDIAN VAUJE OF sACLf OR sVCLf 
• DETERMINE MAX. VAUJE OF sACU OR sVCLf. 
IS (MAX./MEDIAIiH> < PREDEHNED THRESHOID? 



-91 



1 



NO 



YES 



1 



THIS IS THE CANDIDATE 
OPTIMUM CONRGURATION 



THE INSTANCE WITH THE MAX. VAUJE OF sACLf OR sVCLf 
IS DEFINED TO BE AN INVAUD INSTANCE 
IF THIS VAUD CONRGURATION NOW HAS < 3 VAUD INSTANCESy 
THEN IT IS DERNED TO BE AN INVAUD CONRGURATION. 
ELSE - CALCULATE MEAN OF VALUES OF VAUD INSTANCES 
OF THIS VAUD CONHGURATIGN. 



HG. 3C2 
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I ALGORITHM f\ 



SMOOTH THE ARRAY OF ACU OR VCLs WITH 1 1 POINT MOVING BLACKMAN 
WINDOW TO CREATE SMOOTHED ARRAY: sAg OR sVa 



I 



FOR EACH CONFIGURATION INSTANCE: IF ANY ABNORMAL BEATS (PVC, ETC.) 
FROM 8 KATS BEFORE Fif^ PACED BEAT TO 8 BEATS AFTER LAST PACED BEAT, 

THEN THIS IS DERNED TO BE AN INVAUD INSTANCE. 
ELSE THIS IS DEHNED TO BE A VAUD IMSTAWCEl 



FOR EACH C0NR6URAT10N: IF LESS THAT 3 VAUD INSTANCES, 
THEN THIS IS DEHNB) TO BEAN INVAUD CONnGURATION. 
ELSE THIS IS DEFINED TP BE A VAUD COWHSURATIOM. I 

1 



I 



FOR EACH VAUD CONFIGURATION VAUD INSTANCE: 

- DETERMINE MAX VALUE OF sACL OR sVCL IN INTERVAL FROM 1 BEAT AFTER 
HRST BEAT OF CONFIGURATION INSTANCE JQ 8 BEATS AFTER FIRST 
BEAT OF CONFIGURATION INSTANCE 

DETERMINE MIN. VALUE OF sAa OR sVCL IN INTERVAL FROM 3 BEATS BEFORE 
RRST BEAT OF CONHGURATION INSTANCE |g BEAT WITH MAX. VAUJE. 

• DETGRMINE sACL OR sVCL FEATURE VALUE sACLf OR sVCLf: 
SACU OR sVCU xMAXrMIN. 



FOR EACH OF THE VAUD C0NHGURAT10NS: 
•DETERMINE MEAN OF sACU OR sVCU OVER VAUD INSTANCES. 



I 



r 



T0HG3D2 



FIG. 3D1 
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FROM RG. 3D1 



AMONG THE VAUD CONRGURATIONS: 
DETERMINE CONFIGURATION WITH LARGEST MEAN sACtf OR sVCLf. 



AMONG THE VAUD INSTANCGS OF THIS VAUD CONFIGURATION: 

• DETERMINE MEDIAN VAUiE OF sACLf OR sVClf. 

• DETERMINE MAX. VAUJE OF sACW OR sVCLf. 

IS (MAX. / MEDIAN -1) < PREDETERMINED THRESHOLD? 



tm 



YES 



99 



THE INSTANCE WTTH THE MAX. VAUJE OF sACM OR sVClf 

IS DEFINED TO BE AN INVAUD INSTANCE 
IF THIS VAUD OONRGURATION NOW HAS < 3 VAUD INSTANCES, 

THEN rr IS DERNED TO BE AN INVAUD OONRGURATION. 
ELSE - CAU^TE MEAN OF VALUES OF VAUD INSTANCES 
OF THIS VAUD CONRGURATION. 



100 



THIS IS THE OPTIMUM CONRGURATION. 
SET PACEMAKER TO OPERATE IN THIS CONRGURATION. 



FIG, 3D2 
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DETERMINE WHETHER PATIENT IS AT REST OR EXERCISING. 
IS ACL OR Va < X AFTER A NUMBER OF BC BEATS 




I GENERAtE iXSt OF CONHGURATIONS: INTER-SITE DELAYS p52 

~ 



RANDOMIZE ORDER OF CONFIGURATIONS TO CREATE 
RANDOMIZED UST OF C ONFIGURATIONS. 

i 



•54 



.56 



FOR EACH OF A RR5T NUMBER OF BL BEATS (BEAT 1 THROUGH BEAT 15) 
•DETERMINE THE VALUE OF Aa OR Va 



FOR EACH OF THE SUCCEEDING SECOND NUMBER OF BEATS 
(5 BEATS IN INSTANCE OF CONRGURATiON) 
•PACE HEART AT A SELECTED CONHGURATION ON RANDOMIZED UST 
•DETERMINE VALUE OF ACL OR VOL 



61- 



-^58 



I MORE CONRGURATIONS ON RANDOMIZED UST TO TEST? j- ^ 
I ^ ^^ 

YES 



YES 



60 



REPEAT CONRGURATION UST 



r 



^62 



FOR EACH OF THE FIRST NUMBER OF BEATS (15 BEATS IN 
• DETERMINE THE VALJUE OF ACL OR VOL 

I 



/~64 



|EXECUTEALisORTTHM2t - 



EXECUTE ALSORTmMl 

no. 3B1-3B2 



L_I 



EXECUTE ALGORITHM 3 
RG. 301<3D2 



^ (lARGEST MEAN sACLf) <8J.ms? \ 
^NO 

\ (iARGESTMEArteACLf)>29.0ms? \ 

94 



YES 



£ 



THIS IS THE OPTIMUM CONRGURATION. 
SET PACEMAKER TO OPERATE IN THIS CONRGURATION - END 



096 



FIG. 3E 
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Bl^. BL2.„ Bl^. BL14. BL15 - C, C, a C. BLi. BLj' BI3 .„ BLjg 

-MAX.ANDMIN. — | 



I wm- 



FIG. 4 



-BEATOFMAX.VAUJE 



BU BU BL BU BL. 6L 



C; C, C; a BL, BU BL. BL 
MAX 



BL 
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RG.7A 



RG. 7C1-7C2 



RG. 7B1-7B2 


RG, 7D1-7D2 






r 






END END 



FIG, 7 
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mm 



[determine intrinsic AV delay (AVG. 10)1 



^154 



156 



158 



IHAS PBH)blt HMfflB) TIME UMff ElAPSED?h 

^EM. 



YES 



GENERATE UST OF CONFIGURATIONS OF 3 PS X 3 AV DLY 
EG. 2S%. 50%. 75% OF INTRINSIC °9 CONRGURATIONS 



END. 
RESTORE 
PERMATCNT 
MODESEHINGS 



RANDOMIZE OR RERANDOMIZE 
UST OF 9 UNIQUE PS/WDLY OONnGURATlONS. 



^160 



FOR EACH OF A RRST NUMBER OF BEATS (BEAT 1 THROUGH BEAT 5 ) 
(NORMAL BASeUNE) 
* DETERMINE THE VALUEOF ACLOR VOL 



7=162 



FOR EACH OF THE SUCCEEDING SECOND NUMBER OF BEATS 
(5 BEATS IN INSTANCE OF CONRGURATION) 
> PACE HEART AT A SELECTED CONHGURATtON ON RANDOMIZED UST 
« DETERMINE THE VAUiE OF ACL OR Va 



174-v 
.62 j 



REPEAT 
SAME 
TRIAL 



-164 



START CHANGED BASEUNE 
FOR EACH OF THE SUCCEB3IN6 TKRD NUMBER OF BEATS 
(10 BBVTS IN INSTAN(X OF CONFIGURATION) AT CHANGED BASEUNE 
• DETERMINE VAUJE OF ACL OR VOL 



I IS TRIAL INVAUDp ^ 
H79 ^ NO -^166 



PERFORM WASHOUT 
(10 NORMAL BEATSi 



HAS MAX. WASHOUT 
TIME EXPIRED? 



172 
170 
NO 



INCREMENT TRIAL 
NO. TN BY I 

, lr > , 

l^jg ^UST COMPLETE?! 



INCREMENT 
INS TANCE NO 



NO 

X 

185 



HAS MAX NO OF CC 
BEEN EXCEEDED? 



AFTER INCREMENT 
N>NMAX? 




1 



NO 



YES 



IS TRIAL 
A 

REPEAT? 
—'YES 



END PROTOCOL 
RESTORE PERMANENT MODE SETTING! 



EXECUTE ALG0RTTHM2A 
ng 7C1-7C2 



ALGORITHM lA 
7B1-7B2 



171 



YES 

4H (LARGEST'MaN sAClf) <8.1ms? 



EXECUTE 
ALGORITHM 3A 
HG. 7D1-7D2 



^188 



YK 



NO 

^ ^192 



FIG, 7A 



4- 1 (LARGEST MEAN sAClf) >29.0ms? 
'194 ^NO 



THIS IS THE OPTIMUM CONFIGURATION. SET PACEMAKE 
TO OPERATE IN THIS CONFIGURATION - END. 
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lALGORrTHMiAl 



240 



SMOOTH THE ARRAY OF ACLs OR VCLs WITH 3 POINT MOVING RECTANGLE 
WINDOW TO CREATE SMOOTHED ARRAY: sAa ORsVCl 



FOR EACH OONHGURATION INSTANCE: IF ANY ABNORMAL BEATS (PV(^ ETC.) 
FI«>M 8 B»TS BEFORE RRST PACED BEAT TO 8 BEATS AFTER LAST PACED BEAT, 
THEN THIS IS DERNED TO BE AN INVAUD INSTANCE. 
ELSE THIS IS DERNED TO BE A VAUD INSTANCE 



FOR EACH CONFIGURATION: IF LESS THAN 3 VAUD INSTANCES 
THEM THIS 15 PmNED TP BE AN INVAUD CONHfflJRATION. 
asg THIS B DEFINED TO BE A VAUD CONRGURATION . 



242 



'-244 



246^ 



IS CONRGURATION VAUD? 



NO 



248 



END AND RESTORE 
PERM. MODE SETTING 



YES 



r 



250 



fOR EACH VAUD CONRGURATION VAUD INSTANCE: 

DETERMINE MAX. VALUE AND MIN. VAUJE OF sACL OR sVCL IN INTERVAL 
FROM 2 BBVTS AFTER FIRST BEAT OF CONR^RATION INSTANCE 
ICQ. 7 BEATS AFTER RRST BEAT OF CONRGURATION INSTANCE 

• DETERMINE MEAN VAUJE OF sAa OR sVa IN INTERVAL 
FROM 2 BEATS BEFORE RRST BEAT OF OONHGURATION INSTANCE 
"^2 BEATS AFTER FIRST BEAT OF CONRGURATION INSTANCE 

• DETERMINE $ACL OR 9VCL FBVTURE VAUJE sACU OR sVCIi: 
IS MAGNTTUDE (MAX.-MEAN) > MAGNITUDE (MIN.-MEAN)? 

YES: sACLf OR sVCIi- (MAJt-MEAN)-^ 252 

NO: sACLf or 8VCIi » (MIN.^EAN)^254 



I 



TO RG 7B2 
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FROM Ra TBI 



256 



FOR EACH OF THE VAUD CONFIGURATtONS: I 
DETERMINE MEAN OF sAOS OR sVClf OVER THE VAUD INSTANCES. 



1^ 



8 



r>a67 



AMONG THE VAUD COMRGURATIONS: 
DETERMINE CONFIGURATION WTTH LARGEST MEAN SACU OR sVClf. 



262 
( 



OPTIONAL STEPS 



AMONG THE VAUD INSTANCES OF THIS VAUD CONRGURATiON: 

• DETERMINE MEDIAN VAUIE OF sACli OR sVCU. 

• DETERMINE MAX. VAUJE OF sACli OR sVCLf. 

IS (MAX. / MEDIAN -1) < PREDETERMINED THRESHOU)? 



; NO 
I 



264 
-1. 



YES 



THE INSTANCE ViriTH THE MAX. VAUJE OF sACU OR sVCU 

IS DERNED TO BE AN INVAUD INSTANCE 
IF THIS VAUD CONRGURATION NOV^ HAS < 3 VAUD INSTANCES. 

THEN IT IS OERNED TO BE AN INVAUD CONFIGURATION. 
ELSE - CALCUUTE MEAN OF VAUJES OF VAUD INSTANCES 
OF THIS VAUD CONRGURATION. 



T- 

i_ 



IS CONRGURATION VAUD? | 



■»265 



I NO 



END OPT. AND RESTORE 
PERM. MODE SETTING 



-266 



260 



THIS IS THE OPHMUM CONHGDRATION.. 
SET PACEMAKER TO OPERATE 
IN THIS CONRGURATION. 



FIG. 7B2 
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|ALS0RITHM2A1 



200 
( 



SMOOTH THE ARRAY OF ACLs OR VCLs WTfH 1 1 POINT MOVING BLACKMAN 
WINDOW TO CREATE SMOOTHED ARRAY: sACL OR sVCL 



FOR EACH CONRGURATIOfI INSTANCE: IF ANY ABNORMAL BEATS (PVC. ET&) 
FROM 8 KATS BEFORE FIRST PAC£D BEAT 10 8 BEATS AFTER UST PA(XD BEAT, 
THEN THIS IS DERNED TO BE AN INVAUD INSTANCE 
ELSE THIS IS DEFINED TO BE A VAUD INSTANCE. 



FOR EACH CONFIGURATiON: (F LESS THAN 3 VAUD (NSTANCES 
THEN THIS IS DEFINED TO BE AN INVAUD CONRGURATION . 
ELSE THIS IS DEHNED TO BE A VAUD CONRGURATION. 



■S204 



202 



206^ 



IS CONFIGURATION VAUD? 



NO 



YES 



208 



END AND RESTORE 
PERM. MODE SERING 



r 



210 



FOR EACH VAUD CONFIGURATION VAUD INSTANCE: 

• DETERMINE MAX. VALUE OF sACL OR sVa IN INTERVAL 
FROM 2 BEATS AFTER RRST BEAT OF CONFIGURATION INSTANCE 
IS 8 BEATS AFTER RRST BEAT OF CONHGURATION INSTANCE 

• DETERMINE MIN. VALUE OF sAa OR sVCL IN INTERVAL 
FROM 3 BEATS BEFORE FIRST BEAT OF CONRGURAtIoN INSTANCE 
TO BEAT WITH MAX.. VALUE 

' DETERMINE sACL OR sVCL FEATURE VALUE sACLf OR sVCLf : 
sACLf ORsVaHIMX.-MlN. 



TO RG. 702 

FIG. 7C1 
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FR0MFI&7C1 



212 



FOR EACH OF THE VAUD CONFIGURATIONS: 
• DETERMINE MEAN OF sACLf OR sVCU OVER THE VAUD INSTANCES 



YES. 



I 



AMONG THE VAUD CONFIGURATIONS: 
• DETERMINE OONRGURATION WTTH LARGEST MEAN sACLf OR sVClf. 



I 



-N226 



AMONG THE VAUD INSTANCES OF THIS VAUD OONRGURATION: 

• DETERMINE MEDIAN VAUJE OF sACLf OR sVCLf. 

• DETERMINE MAX, VAUIE OF sACIi OR sVaf. 

IS (MAX. / MEDIAN -1) < PREDETERMINED THRESHOU)? 






NO 




YES 

r 




218-^ 


THIS IS THE CANDIDATE 
OPTIMUM CONRGURATION. 




220 






THE INSTANCE WITH THE MAX. VAUJE OF sACLf OR sVCLf 

IS DBRNED TO BE AN INVAUD INSTANCE 
IF THIS VAUD CONFIGURATION NOW HAS <3 VAUD INSTANCES, 

THEN rr IS DEFINED TO BEAN INVAUD CONHGURATION. 
ELSE - CAlJCUUTE MEAN OF VAUJES OF VAUD INSTANCES 
OF THIS VAUD CONFIGURATIOM 





IS CONRGURATION VAUD? 



^NO 



END OPT. AND RESTORE 
PERM. MODE SETTING 



(^224 



HG. 702 
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I ALGORITHM 3A] 



280 

r 



SMOOTH THE ARRAY OF ACLs OR VCls WITH 1 1 POINT MOVING BLACKMAN 
VnNDOW TO CREATE SMOOTHED ARRAY: sACL OR sVa 



FOR EACH OONHGURATION INSTANCE: IF ANY ABNORMAL BEATS (PVC, ETa) 
FROM 8 BEATS BEFORE FIRST PACED BEAT TO 6 BEATS AFTER lAST PACED BEAT, 
THEN THIS IS DEFINED TO BE AN INVAUD INSTANCE. 
ELSE THIS IS DEHNED TO BE A VAUD INSTANCE. 



t: 

FOR EACH CONFIGURATION: IF LESS THAN 3 VALID INSTANCES |^84 
THEN THIS IS DEFINED TO BE AN INVAUD CONFIGURATION. 
ELSE THIS IS DEFINED TO BE A VAUD CONFIGURATION. 



288^ 



I 



282 



ISOONRGURATiONVAUD? 



NO 



YES 



288 



END AND RESTORE 
PERM. MODE SETTING 



jC 



290 



FOR EACH VAUD CONFIGURATION VAUD INSTANCE: 

• DETERMINE MAX. VALUE OF sAa OR sVCL IN INTERVAL 
FROM 1 BEAT AFTER FIRST BEAT OF CONRGURATION INSTANCE 
TO 8 BEATS AFTER RRST BEAT OF CONFIGURATION INSTANCE. 

• DETERMINE MIN. VAUIE OF sAa OR sVCL IN INTERVAL 
FROM 3 BEATS BEFORE FIRST BEAT OF CONFIGURATION INSTAN(X 
TOBEATWrrHMAJCVAUJE 

• DETERMINE sACLOR sVCL FEATURE VALUE sACLf OR sVCLf: 
sACLf OR sVCL^'MAX -MIN. 



I 



TO R& 7D2 



HG, 7D1 
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FROM RG. 7D1 



292 



FOR EACH OF THE VAUD OONFfGURATIONS: 
DETERMINE MEAN OF sAOf OR sVCU OVER THE VAUD INSTANCES 



294 



AMONG THE VAUD CONFIGURATIONS: 
DETERMINE CONRGURATION WITH LARGEST MEAN sAGU OR sVCLf. 



I 



AMONG THE VAUD INSTANCES OF THIS VAUD CONFIGURATION: 

• DETERMINE MEDIM* VAUJE OF sAOT OR sVCLT. 

• DETERMINE MAX. VAUJE OF sAOf OR sVCLf. 

IS (MAX. / MEDIAN -1) < PREDETERMINED THRESHOU)? 



NO 



304 
_JC— 



I 



^296 



YES 



THiSfS OPTIMUM CONFIGURATION.. 
SET PACEMAKER TO OPERATE 
IN THIS CONRGURATION. 



298 



THE INSTANCE WITH THE MAX. VALUE OF sACLf OR sVCLf 

IS DEHNED TO BE AN INVAUD INSTANCE. 
IF THIS VAUO CONRGURATION tiOW HAS < 3 VAUD INSTANCE, 

THEN IT IS DERNED TO BE AN INVAUD CONROiRATION. 
ELSE - CALCULATE MEAN OF VALUES OF VAUD INSTANCES 
OF THIS VAUD CONRGURATION. 



YES 



I 



IS CONRGURATION VAUO? 



r 



'300 



NO 



^302 



END OPT. AND RESTORE 
PERM. MODE SETTING 



FIG, 7D2 



i 



« 4 . W 

WO 01/76686 



20/20 



PCT/USOl/10680 




